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CERVICAL SPINE - PAGE 2

CEVICAL SPINE ANALYSIS FCR EJTION INJURY PREDICTION

S. GRACOVETSKY, H. F. FARFAN, C. D. HELLEUR
COW-ORDIA UNIVERSITY

ABSTACT

We have developed a sagittal plane mathematical model for the cervical spine
(including T6-Tl, C7-Cl and skull). In our model the moments due to the
weight of the head and neck and the effect of external forces are balanced by
forces generated internally by muscle, ligament, and intervertebral joint.
With this formulation, the problem is to find a method for distributing the
moment between muscle and ligament.

Each of the possible solutions was graded against a mathematical objective
function containing the equality constraint (i.e. moment must be balanced);
the inequality constraints (finite limit to muscle force, finite strength of
joint components); and the stress experienced by each joint. We then selected
the unique solution that produced a minimum of stress at the intervertebral
joints.

The model has been tuned by human experimentation, in which volunteers were
asked to exert a voluntary pull with their head against a variable resis-
tance. Electrcmyographic measurements of various superficial neck muscles
have been matched with predicted patterns.

Our calculations show that the mathematical representation of physiological be-
havior demands that stress be minimized at the intervertebral joint. It is in-
teresting to note that Wolff has observed that bone architecture at the
microscopic level responds to stress. Our findings suggest the system as a
whole is controlled by stress.

\This model was then subjected to simulation in order to determine the maximum
acceleration that the cervical spine would take for different postures. We
found that the maximum supportable acceleration (i.e. acceleration that would
result in any cervical component reaching 2/3 of its limit) depends upon the
neck posture and orientation vis-a-vis the acceleration vector. The worst case
was calculated to be 13 g's and the best case 40 g's. In alilcases the system
required that the resultant of all forces acting through the
occipital-atlas-axis joints be purely conpressive.

A ;
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CERVICAL SPINE -- SEM£ION 1- 1

INTRUTION

Biamechanical modelling is becoming a subject of increasing interest as ev-
idenced by the number of models which can be found in the existing literature.
Along with this popularity caies more controversy in view of the number of
assumptions that need to be made to model complex biological systems and
mechanisms.

The importance of the spine makes it a primary target for engineers. A reliable
model would be of great use to designers of equipment who require understanding
of the nature of the response of the spine. Some of the classical problems that
motivated such modelling effort are 1) pilot ejection , 2) whiplash due to auto-
mobile accidents, 3) athletic injuries, 4) the effect of clinical instability,
vertebral fusion, description of scoliosis, and 5) the evaluation of the rel-
ative efficiency of various surgical and non-surgical corrective techniques of
the spine, let alone a method for spine evaluation, and a technique for match-
ing a spine to a specific type of work.

I- REVIEW OF RELEVANT ANTMf

The vertebral column represents the primary structural member of an. Its me-
chanical nature can be viewed as a series of segmental bony elements, each
poised on a cartilaginous structure which allows adjoining segments to simulta-
neously possess many degrees of freedom and rigidity as required by the loading
conditions.

The 24 bones comprising the spinal column are called vertebrae. They are divid-
ed into three groups (Fig.l.1). The first 7 are cervical, the next 12 which
bear the ribs are the thoracic, and the remaining 5 are the lumbar. Below the
vertebrae, seven bones are united into two structures; the first five form the
sacrum and the remaining two the coccyx.

A typical vertebra consists of an anterior segment and a posterior segment. The
anterior segment consists of a body that is largely composed of spongy bone sur-
rounded by a thin wall of cortical tissue and capped superiorly and inferiorly
by the cartilaginous end-plates of the intervertebral discs.

The posterior segment is made up of the vertebral arch and its accessory pro-
cesses. Each vertebra body bears paired extensions called pedicles which in
turn support the laminae. The laminae and the pedicles form the vertebral arch.
Each vertebra carries two pairs of posterior articular processes. They are iden-
tified as superior and inferior articular processes. These paired processes
bear smooth facets for articulation with the vertebra above and below. The spi-
nous and transverse processes which protrude away from the vertebra body give
some added leverage to the muscles which attach to them.

From a biomechanical point of view, the anterior segments will take the bulk of
the compressive load while the posterior portion will take the tension by means
of the ligaments and muscles which attach to the various processes of the
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CERVICAL SPINE- SECLTION 1- 2

neural arch. With this distribution of tension and compression it is easy to
see how the spine acts to support a compressive load and a moment. The role of
the articular processes in supporting a compressive load is a subject of
debate. For example Nachemson (31] reports that they support as much as 20% of
the total compression.

The mechanical properties of the spinal coarponents are basic to the construc-
tion of a model of the spine. Such information provides the constraints with-
in which the model must function, and are necessary to satisfy the conditions
for geometrical fit.

Fresh human cadaver cervical spine specimen are rare and reports generally are
based on small numbers. The resistance of the cervical spine joints to
compression, lateral bend and torsion have been published [6]. These tests
indicate that the behavior of these joints and of the vertebrae resembles the
behavior of their equivalents in the lumbar spine [23, 12, 43, 16, 4, 7, 37,
9, 30, 26, 11]. The special arrangement of the axis/atlas joint has been
studied by Panjabi (33].

The nuchal ligament has been studied and the viscoelastic response to deforma-
tion has been demonstrated [15]. There are few hard facts about ligamentous
behavior of facet capsular ligaments, the interspinous ligament, or of such
structures as the atlanto-occipital membrane, the anterior and posterior longi-
tudinal ligaments of the neck, or the cruciate ligaments.

Motions of the cervical spine joints have been reported in the literature
[15,13,1,8] and their numerical values correspond closely. The pattern of
cervical spine motion has been beautifully demonstrated by Fielding's
cineradiography [13] but these studies do not locate the axis of motion or re-
late the degree of motion to the deforming force.

The electromyographic studies, which can be used as a timing device for muscle
activity, are also only sparsely reported in the literature. The normal erect
posture is defined by Basmajian [5). He also preseriLs the best summary of EM4
studies. The muscles of the neck are sparingly mentioned; those of the
shoulder get more attention but particularly with respect to the upper extrem-
ity motion. Other EMG studies describe the activity of longus colli and
longissimus cervicis [14]. These E4 studies (- not give integrated outputs.
Such outputs have proven very useful in our lumbar spine model [18].

The force of muscle contraction has been estimated to be 50-120 psi [20]. We
have shown that it is possible to estimate muscle moments using sectional an-
atomical specimens to derive muscle areas [10,11]. This procedure has been
supported by Rab and Chao [36) who made almost identical estimates.

Disk * 14 "
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cERvIcAL SPINE --- ---------------------- SEC2TION 1- 4

When an external load is applied to the spine, the fact that the system must be
on balance at all times requires that the rmment generated by the load be com-
pensated by a mmnt generated by ligameants and muscles action.

In the case of a flexion moment, the maximum momemnt will be determined by the
posterior muscle mass and posterior ligament. For an extension moment the max-
imum will he determined by the anterior muscle mass and anterior ligament. The
anterior and posterior muscle mass of the neck and trunk are illustrated in
Fig.l.2, and the muscular structure associated with the lumbar spime is illus-
trated in Fig 1.2.

II- REVIEW~ OF MODELLING APPOAHES

The existing mo~delling approaches have been divided into three categories:

1) the continuum mdel
2) the discrete parameter mo~del
3) the optimization model

The first group considers the spine to he a rod or beam. This beam may have
varying dimensions but will have the same homogenous material properties
throughout. The second group considers the spine as a structure formed by var-
ious anatomical eleme~nts such as vertebra body, disc, etc., and with different
properties being assigned to the different elements.

The optimization imdels may he a priori considered in the sane group with the
discrete parameter mo~dels as far as the mathematical description of the spine
is concerned. However the utilization of such a model is sufficiently differ-
ent to consider them in a separate group.

1- THE CONTINUUM MODEL

One exarrple of such modelling philosophy is represented by the work of Latham
[27] who in 1958 described the response of the human body to high acceleration
in the axial direction (G ). In this model the spine is represented as a
wightless spring with A mass attached at the upper end to represent the body
mss and a mass at the lower end to represent the supporting seat structure.
With this model it is possible to obtain a dynamic load factor for the spine
depending on the assigned spring constant.
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CERVICAL SPINE -- SETION 1- 5

The fact that this modelling approach cannot deal with non-axial loads repre-
sents a serious limitation since it is obvious from the anatomy that the curva-
ture (lordosis) of the spine will ensure that purely axial load will never
exist. A second limitation is that the model is incapable of singling out the
vertebra or disc level which is most likely to fail. This is one of the
shortcomings which plague all the continuum models. In order to overcome the
problem of not being able to treat non-axial loads, Hess and Lombard [19]
introduced the idea of treating the head and trunk as an elastic rod. The base
of the rod is considered as fixed and the calculated displacement response of
the head during impact accelerations vas curve fitted with experimental
results.

The Hess and Lombard model was slightly improved upon by Terry and Roberts
(40] who modelled the spine as a strictly elastic medium such as a Maxwell
type mechanism. Although this model represents an improvement, it can only de-
scribe gross body characteristics, and suffers from the requirement that the
body mass is evenly distributed along the rod.

Some of the unresolved problems of the above approaches were partly remedied
by Liu and Mirray [28] in which a Kelvin-Voigt medium rather than the Maxwell
medium is used. As with the Hess and Imbard model they represented the spine
as an elastic rod and introduced the effects of the head and trunk by capping
the rod with a riding mass at the head end of the rod. With this approach they
could obtain estimates of the area of maximum axial stress due to a G accel-
eration applied to the hips. z

Soechting and Paslay [38] attempted to introduce the effects of the muscles.
They did it by lumping the response of the muscles into parameters 1)
muscle stiffness parameter, 2)neural feedback parameter and 3) a response time
delay.

It is apparent that a large number of improvements could be introduced to the
model such as an improved representation of mass distribution, damping and
varying properties of the column along its length. However, the spine is not a
rontinuous rod and therefore such a model is bound to be inadequate.

2- THE DISCRETE PARAM1W MODEL

The min problem associated with the continuum modei is its inability to lo-
cate the vertebra level which is most likely to undergo injury when the spine
is subjected to extreme loading. The Liu an Mirray model claims to locate the
region of maximum stress but is unable to specify the precise vertebral level
at which it occurs.

This shortcoming is somewhat alleviated by the discrete parameter models. In
this modelling approach each vertebra and intervertebral joint is modelled
individually, with the vertebra being considered as perfectly rigid and the
disc as being deformable. The models differ in how they choose to represent
the load-deformation relationship of the intervertebral joint.
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CERVICAL SPINE sECrIN 1- 6

One of the first discrete parameter models was psented by Toth [41]. In this
model the body mass associated with vertebrae T12 - L5 and the mass below L5
were modelled with eight masses and the intervertebral joints from the sacrum
to TIl were modelled with springs and dashpots. Using assumed values for mx-
imum stress, the failure thresholds of individual vertebrae ere evaluated.
This model was only capable of dealing with axial loads.

A similar approach to that of Toth was taken by Aquino [2] who chose to model
the lumbar spine response to Gx accelerations as well as axial accelerations.
This was done by representing the vertebrae as rigid bodies and the inter-
vertebral joints with pairs (anterior and posterior) of springs and dashpots.
The mass of the head and trunk were considered as a lumped mass.

Orne and Liu [32] represented each vertebra as a rigid body in two dimension-
al space with three degrees of freedom per vertebra (ie. two degrees for trans-
lation in the x and z direction and another one for rotation about the
y-axis). The intervertebral disc was considered as a deformable continuum, mod-
elled by a three parameter force deflection relationship. In this manner the
model could include the resistance of the intervertebral disc to shear and
bending. Different material properties can be assigned to the disc at differ-
ent levels and the resulting effects on the stress distribution in the spinal
column can be evaluated. It is worth noting that this model assumed that the
sole supporting structure is the anterior portion of the vertebrae, and that
the ability of the spine to resist bending and shear was being assigned to the
discs alone. This assumption however does not account for the fact that lig-
ament and muscle tension can significantly affect the bending of the joint.

McKenzie and Williams [29) followed very closely Orne and Liu [32). They mod-
elled the effects of whiplash by considering only the head and neck (C2-C7).
The torso was assumed to be a rigid structure which is restrained by the seat
and seat belt. As in the Orne and Liu model, the vertebrae were idealized as
rigid bodies and the discs as short uniform beam segments which were represent-
ed by a three parameter elastic solid.

Prasad and King [35] extended such an approach to the entire spine. They in-
cluded the articular facets as a secondary load path in the spinal column. The
interaction of the facets was modelled by two springs, one limiting rota-
tion, and the other limiting the relative sliding of adjacent vertebra

A more recent paper which offers some improvement is that of Belytscho et al
[6]. They proposed two major improvements: 1) The abdominal cavity and vis-
cera as hydrodynamic elements stacked in series between the pelvis and TIO lev-
el. The contents move vertically and laterally stretching the abdominal wall
and transferring the load to the rib cage. 2) The ligaments were included as
spring elements which have stiffness only against axial deformation. The intro-
duction of the ligament is a very significant change in the modelling approach
since it relieves the disc from the responsibility of absorbing all bending
moments.
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CERVICAL SPINE ---- SETION 1- 7

Other recent models are those of Huston et al [221 and the three dimensional
model put forward by Panjabi [34]. As in the other models the vertebra bodies
are considered as rigid and the force-displacement relationships are represent-
ed by massless springs.

It is important to note that these models represent the muscles as inert
masses. Therefore no matter how coplex these spring/dashpot models of
visco-elastic mechanical behaviour are, they cannot represent the response of
the living under the control of the central nervous system. It has been
argued that in some extreme situations such as pilot ejection, the musculature
can indeed be treated as an inert mass, because the individual does not have
the muscular strength to counteract acceleration in excess of five g's and
also that there is not enough time for the neuro-muscular system to react.
Nevertheless, even if there is insufficient time for this response to take
place, as may occur with impact, the final outcome may be modified by the
neuro-muscular system because it ay set the initial conditions in the man's
favour before the impact begins.

3- THE CPTIMIZATION MODELS

The major drawbacks of the previous models are: 1) the inability to include
the muscular actions,and 2) the fact thiat many of the values for the spring
constants and dashpot coefficientr are assumed values due to the difficulty in
obtaining reliable test data in the living.

The use of optimization techniques and equilibrium analysis eliminates both
of these problems in modelling the musculo-skeletal structure. With this ap-
proach it is assumed that the skeleton consists of rigid bodies articulated by
joints and held together by muscles and ligaments. The muscles are represented
by single or multiple lines of action stretching between their points of or-
igin and points of insertion on the skeleton (Fig.l.3).

The joints are simply subjected to a reaction force and a moment. The two main
directions of the reaction force are compression and shear. Compression is
defined as the coponent of the reaction force pe-rpendicular to the bisector
of the disc. Shear is defined as the co,.nent of the reaction force in the
direction of the line formed by the intersection of the bisector of the disc
and the mid-sagittal plane. In the Arvikar and Seireg [3] model no attempt is
made to account for the difference in the joint's ability to support the loads
in the two main directions.

The optimization problem becomes one of determining the muscle firing combina-
tion which balances the applied load and obtains an optimum distribution of
stress between the supporting structures. The optimum choice of muscle firing
strategy is achieved by choosing an appropriate objective function which is
then optimized under the constraints of equilibrium.
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Anterior Scalene

Middle Scalene

Posterior Scalene

Figure 3 Vector representation of Scalene rmuscles
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CERVICAL SPINE ------------------------ SECTION 1- 9

This approach essentially recognizes that the ultinate control of the spine is
achieved by muscular action, except in extraordinary situations in which the
external forces overpower the muscular system. Therefore, these models assign
to the muscles the primary responsibility of either balancing the load or to
modifying the geometry to allow other structures such as the ligaments to
contribute to the equilibrium. By definition, this approach eliminates the
need for assumed spring constants and damping coefficients. The major
assunption is contained in the definition of what triggers or controls the
action of the muscular system. Such assumptions are contained in the
objective function to be minimized. Arvikar and Seireg [3] used the following
function:

F = K + Cl*M + C2*R

where K = muscle force
M = reaction moment of the joint
R = reaction force on the joint
Cl and C2 are weighting factors

The choice of this particular objective function is necessarily arbitrary, and
can only be justified by the consequences of the function on the model behav-
ior. Hence this type of model requires extensive simulation to prove that the
calculated muscular coordination matches the observed muscular coordination.
Such a validation procedure is feasible because the model generates the
muscular activity itself, which can then be verified by electromyographic
measurements.

With this approach a subject was modelled in the seated posture with 1) no ac-
celeration, 2) a forward acceleration, and 3) a backward acceleration. He was

also modelled in a stooped position of 52 degrees with and without a weight.
However no experimental studies were made to validate this model.

THE IMPCRTANCE OF THE OWECTIVE FUNCTION

Wolff's law [45] characterizes the response of the bone when subjected to
stress. It states that bone is added where it is needed and removed where it
is not. Hence the very shape of the bone, including its internal architec-
ture, is determined by the stress it experiences. Ultimately, Wolff's law is
responsible for the shape and size of all the bones and therefore the
vertebra.

All the bone of the vertebra must be stressed equally, at least on an average
basis and at least to some non-zero minimum level. Consider the possibility of
one section of a vertebra being subjected to greater stress levels relative to
another section. It would then become necessary for this section to grow
extra bone. This would result in a lowering of the average stress level
experienced at this section of the vertebra. The same argument can be applied
to the case of an understressed section of the vertebra.
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CERVICAL SPINE -SE-TION - 10

kb can infer frcn WolffIs law that the stress is equalized throughout the ver-
tebra. Because. bone tissue is identical regardless of the spinal level, it
follows that the stress in all spinal skeletal segments must be equalized.

The most economical use of material would require that any task be executed in
such a wy that the stress be equalized AND minimized.

Therefore a precise mathenatical formulation should describe the spinal mechan-
ism using a distributed parameter approach coupled with the requirement that
the solution does minimize and equalize the stress through the spine. The ob-
jection to such an elaborate approach is that we do not know how to distribute
the load and furthermore the mechanical properties of the spinal members are
not known in sufficient detail to make such description feasible. Rat we
should do is describe the spinal mechanism using a level of complexity that
does not exceed the available experimental data. Therefore the formulation of
the problem must be simplified. For example we replaced the distributed
forces at the vertebral end plates by a resultant vector. Similarly the mus-
cles and ligaments were represented as a finite set of vectors with points of
origin and insertion.

For reasons of syrnetry we have assumed that the center of reaction of two ad-
jacent vertebrae is in the sagittal plane and lies in the bisector of the
disc. There exists a certain amount of experimental evidence to support that
assumption.

A simplified model of the lumbar spine that requires the stress to be min-
imized could e validated in two ways:

1- By obtaining a solution that will be found to equalize
the stress. Here the cptimization procedure itself is val-
idated since it is not obvious that stress minimization im-
plies stress equalization. In other words Wblff's law is
used to validate the procedure, namely the objective
function.

2- By obtaining a solution that will explain all available
experimental data on the lumbar spine. Here the spine exper-
iments are used to validate the mathematical representation
of the spine itself, namely the model.

We have written the equations representing a model of the spine incorporating
all the above features in the case of a weightlifter executing a dead lift
[18]. This model was indeed validated by the fact that it explained all pub-
lished experimental data on the lumbar spine. The model further predicted
that the optiml lifting sequence is achieved when the stress is equalized at
all intervertebral joints. The objective function used in the optimization is
of the following form:

F = Pl*K + P2*S + P3*C + P4*M
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where K = Sum of the squares of the muscle firing density
S = Sum of the squares of the shear at each IV joint
C = Sum of the squares of the compression at each IV joint
M = Sumn of the squares of the reaction imoments at each IV joint
P1,P2,P3 and P4 are weightin~g factors

This validated model has proven that during the execution of a dead lift it is
sufficient to minimize the stress at all intervertebral joints in order to gen-
erate a sequence of muscle activity which has the following properties:

1- It reproduces faithfully all known muscle averaged EM3
patterns.

2- The muscle power required for the lift has been
confirmed in vivo.

3- The biological limits of the tissues are not exceeded.
4- The mxium voluntary effort (400lbs lift) requires only

2/3 of the available resources.

In short, the advantages of the optimization method over the previous approach-
es are that it yields stress values at joint leviels without ankirg gross as-
sumptions about the force displacement relationship of the joints. The
apparent arbitrariness of determining a suitable objective function mny be
seen as a positive feature since its gives additional insight into the nature
of the spinal mechanism, as well as the fundamental laws that govern the use
of spinal resources.
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D3 INVESTIGATION OF THE WhIN CEVICAL SPINE

OBJBTIVE

The objective of the experimental investigation is to measure the firing pat-
tern of cervical spine muscles of volunteers performing a specific task. The
muscular pattern is measured from E3 activity collected by surface elec-
trodes. This muscular pattern is then compared elsewhere with the muscular pat-
tern calculated by our model.

The overall investigation is divided into two parts. The first part, the pre-
liminary investigation, determines the accessibility of the superficial mus-
cles of the neck and the repeatability and consistency of the data in order to
evaluate and design the main experimental procedure. To this end, several vol-
unteers are examined using an eight channel E43 recording equipment. The sec-
ond part, the min investigation, is carried out with substantially more
resources, such as on line computer data acquisition and processing.

PRELIMINARY INVESTIGATION

The neck muscles are examined to determine which superficial neck muscles
could be monitored using miniature surface electrodes. Tests were performed on
a number subjects who were asked to maintain a set posture while increasing
load was applied by hand to their head. This portion of the study was only
qualitative in nature and did not follow a predetermined pattern.

The procedure followed was to palpate the muscle (if possible) and place a
pair of miniature silver-silver chloride electrodes on the region of the skin
over the muscle with the use of adhesive collars. A single common reference
ground electrode was placed behind the earlobe. A colloidian glue was used to
facilitate electrode adhesion in the hairy regions of the neck (ie. semi-
spinalis capitis and splenius capitis).

Myoelectric activity %as amplified by the eight channel Beckman R-611
electromyograph.
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Electrode placement - A number of muscles were monitored for EMG activity in
a number of loading configurations. In all cases, EMG recordings were noted to
show the level of activity during backward extension against resistance. The
results of these tests are suminarized below and in table 2.1.

1) Semispinalis Capitis The placement of the electrodes for this
muscle is 2cm below the occipital bone and 2an lateral to the midline
(8). It was found that activity could be observed during extension
against resistance and that this activity would increase with increas-
ing effort.

2) Splenius Capitis The splenius capitis electrode placement is
3om below the mastoid process and 3cn lateral to the midline (8).
This particular placement ensures that little or no activity is ob-
tained from the semispinalis capitis. It was found that activity
could be observed from this muscle during extension against resis-
tance and rotation against resistance.

3) Sternomastoid The electrode placement for this muscle as cho-
sen at 4am from the mastoid process along the line of the muscle. The
placement of this pair of electrodes presented no problems due to the
fact that the muscle is very superficial and easy to palpate.
Activity wis observed during rotation and flexion of the head against
resistance. Little or no activity ws observed during extension
against resistance.

4) omohyoid The electrodes were placed slightly above the clavicle
and about I to 2om lateral to the clavicular attachment of the sterno-
mastoid. Activity could be observed during opening of the jaw against
resistance. No activity was observed during rotation of the head
against resistance.

5) Scalene Anterior and Posterior wo placements were used for
this muscle. The first ws slightly above the clavicle and slightly
anterior to the lateral margin of the trapezius. The second placement
was the same as that used for the amohyoid. Activity could be ob-
served from both placements during breathing. No activity vs ob-
served for the posterior placement during extension against
resistance. Activity was observed for the anterior placement and is
thought to be due to the cmhyoid.

6) Sternohyoid A single pair of electrodes %as placed slightly be-
low the hyoid bone. Activity could be observed during flexion against
resistance and no activity %as recorded during extension against
resistance.
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MHYION AGAINST RESISTANCE

Extension Flexion Rotation Lowering Respiration
Muscle Jaw

Semispinalis activity no no no no
Capitis activity activity activity activity

Splenius activity no activity no no
Capitis activity activity activity

Sterno- slight activity activity no no
mastoid activity activity activity

Omohyoid slight activity no activity no
activity activity activity

Sternohyoid no activity no
activity activity

Scalene no
Anterior and activity
Posterior

TABLE 2 RESULTS FROM PRELIMINARY &MG INVESrIGArION
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Procedure The existing equipment consists of only 8 EMG channels ( 8 pairs
of electrodes). Since it is desired to monitor the muscles bilaterally, a
choice must be made as to which muscle will be monitored. Based on the results
described above, it was decided to have the subject extend the neck against re-
sistance with electrode placements over the semispinalis capitis, splenius
capitis, sternomastoid and omohyoid muscles.

The other muscles were eliminated on the assumption that they would produce
little activity during this isometric exercise. Since this may not be the case,
these muscles will be examined later in the integrated study.

The loading procedure consisted of a horizontal load applied to the hack of
the head (producing sagittal plane effects only). The main purpose is to de-
termine, as that load increases:

1) to what degree (if any) the sterncnastoid and the
omohyoid muscles are being recruited, and

2) the manner in which the splenius capitis and the
semispinalis capitis muscles are being recruited under
the sane conditions.

The applied load (Fig.2.1) can be developed effectively by having the subject
extend his head against a resistive force. When this happens the subject is
said to increase his extensor moment. The combination of the applied and the
gravitational load (ie. the weight of the head and neck) gives rise to the re-
sultant load. It is important to note that as the applied load increases, the
resultant load changes direction. This change in direction is the feature of

the loading sequence which elicits changes in the muscle firing pattern.

Seventeen healthy adults were examined (10 males and 7 females) ranging in age
from eighteen to seventy-nine. Paired miniature silver-silver chloride elec-
trodes were placed bilaterally on the sternomatoid, splenius capitis, and cmo-
hyoid muscles. The semispinalis capitis muscle was recorded unilaterally due to
an insufficient number of recording channels.

The relative position of the omohyoid with respect to the clavicle varied con-
siderably from one subject to the next. In three cases electrode placement
proved to be impossible because of its complete obscuring by the clavicle. Due
to the proximity of the sternomastoid muscle, electrode placement for the omo-
hyoid required verification. A simple opening of the jaw proved to be suffi-
cient for this purpose.

The loading apparatus consisted of a typical strain gauge device mounted hor-
izontally with a comfortable sling attachment to acconmodate the head. Seated
in a chair, the subject was asked to pull hack against the sling, thereby in-
creasing his extensor moment (Fig.2.1). The shoulders were relaxed with the
arms hanging loosely at the side. An idealized view of the loading arrangement
is depicted in Fig. 2.3.
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A sequence of photographs %as taken of each exercise at 4 frames per second.
Onto these, lines were constructed, a) from the outer canthus of the eye to the
external auditory meatus, and b) from the sternum to the prominent vertebra C7.
By measuring the change in angle formed by these two lines, it was possible to
detect any change in geometry during the performance of the task.

RESJLTS Integrated EM signals from the sternomastoid and amohyoid muscles
are graded as a percentage of their "assumed maxima", determined by a resisted
forward flexion for the former and a resisted jaw opening for the latter.

The histograms (Fig.2.2) show the distribution of the total number of muscles
examined with respect to their assumed maxima. Because the sternomastoid and
the amohyoid have been recorded bilaterally, they each contains 34 readings of
muscle output. The histogram for the amohyoid muscle shows a considerable
spread in the results. The histogram for the sternomastoid muscle indicates the
activity of this muscle to be confined primarily in the range of 1-10% maximum.
Twenty eight out of 34 muscles exhibited activity in this range. Mean values
for the omohyoid and sternomastoid muscles were calculated at 25% and 4% of
their assumed maxima respectively.

In all 17 subjects the following observations were made concerning the semi-
spinalis capitis and splenius capitis muscles. As the extensor moment is in-
creased (ie. as the subject pulls harder), the semispinalis capitis is recruit-
ed immediately. However, the splenius capitis initiates its rise in activity on-
ly after a certain length of time (Fig.2.4 and Fig. 2.5). It was further noted
that the splenius capitis muscle is recruited at approximately the same value
of extensor moment regardless of the rate at which the subject was pulling.

In all 17 cases, measurements taken from the photographs failed to detect any
change in the angle defined above. Hence we concluded that there were no sig-
nificant changes in geometry.

This set of EW3 tests as intended as a prototype to allow us to design the
main investigation protocol. The results of this preliminary investigation sug-
gest a number of modifications which can be made to the apparatus and the test
procedure:

1) Since the extensor effort at which the muscle activity is initiat-
ed is of primary interest, the load cell must have sufficient sensi-
tivity to allow accurate determination of this value.

2) The apparatus on which the load cell is mounted must permit vary-
ing directions of loading.

3) Due to the unexpected results of the sternomastoid muscle, record-
ings of the EM activity in the scalene, sternohyoid and the trape-
zius muscles is necessary.
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Figure 2. 1 Lateral view of expxorim-rtal loading procedure
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MAIN INVESTIGATION

CHANES TO THE APPARAJS The load cell and the load cell mounting apparatus
were changed as follows:

1) The strain gauge rod uas replaced by a universal flat load cell
with a full scale of 111 Kg (250 Lb) and a sensitivity of 0.1% of
full scale. The load is applied to the load cell through a bolt pass-
ing through a threaded hole in the center of the load cell.

2) The resistance to the subject's extensor effort %as provided by a
strap which passed around the subject's head and attaching to the
strain gauge bolt.

3) The strain gauge was bolted down to a mounting device which rotat-
ed on a ball joint to permit rotation in the vertical and horizontal
planes. This load measuring device was bolted to the same rigid
frame which vs used in the preliminary investigation. The height of
the load cell can be adjusted to produce different lines or angles
through which the applied load can act.

LOADIN PROCEDURE The electrode placement has been described in the prelim-
inary investigation. T42 subject was asked to attempt to pull his head back-
uards against the restraining strap. This produced a flexion load which is
monitored with the load cell apparatus. The analog signals resulting from the
load cell and the amplified electromyographic signals were 1) analog filtered
in the band 10Hz to 250 Hz and 2) digitized (12 bits) at a rate 1000 sanples
per second and stored on digital disk. The analog filtering adeqyately atten-
uated the biopotential signal resulting from the heart and eliminated high fre-
quency noise.

The test performed on each of the volunteers consisted of 5 tasks or acquisi-
tions. These tests are as follows:

TASK #1 Electrodes are placed bilaterally over the semispinalis
capitis, splenius capitis, amohyoid and the sternomastoid. The
height of the load cell is set at a level which resulted in the re-
straining strap sloping downwards at about 5-10 degrees away fro n
the subject's head. The subject assumes a normal upright neck pos-
ture and gradually draws back against the strap until he achieves
his maximum extensor effort.

TASK #2 The same electrode placement and load cell height as in
task 1 with the subject pulling in the flexed neck posture.

TASK #3 The saae electrode placement and load cell height as in
task 1 with the subject pulling in the extended neck posture.
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TASK #4 The same electrode placement as task 1 with the load cell
lowered to produce a 45 degree downward slope away from the subject
in the restraining strap. The subject assumes a normal upright neck
posture while drawing hack on the restraining strap.

TASK #5 The same electrode placement and load cell height as in
task 4 with the subject pulling on the strap in the flexed posture.

Electrodes could be placed bilaterally over only four sets of muscles. It is
therefore necessary to perform a separate examination of the remaining superfi-
cial muscles. The electrodes on the omohyoid and sterncirastoid muscles were
removed and replaced bilaterally over the posterior scalene muscle and unilat-
erally over the trapezius and sternohyoid muscles. The procedure of task 1 is
repeated.

Five volunteers were used in this investigation with each of the volunteers be-
ing tested on three different occasions to give a total of 15 tests. A small
number of volunteers being tested on more than one occasion was deemed appropri-
ate for two reasons:

1) Poor electrode placement or a high level of interfering signals
being picked up during the test can make it difficult or impossible
to obtain a good estimate of the desired information.

2) It is informative to know if observations made on a subject in a
given test can be observed in subsequent tests.

RE SLTS

The results of the preliminary investigation suggest that the information
which is the most useful in validating the model is the level of the extensor
effort required to recruit each of the muscles being examined. These vax,"
are estimated by processing the original EM3 signal as it is digitized an1
culating the root mean square (RMS) of the voltage. The RMS value is caicu;*ia,:-
ed over consecutive time intervals of .256 second (ie. 256 digitized Aords)
for the duration of data aquisition.

A typical example of the original signals obtained from one of the subjects
performing task 1 is shown in Fig. 2.6. The corresponding RMS value is plot-
ted versus time in Fig. 2.7. The strain gauge output is superimposed on the
RMS output to illustrate the correlation between the rise in the EM3 output
with the subject's extensor effort.

The sample results show that the spinalis capitis activity increases with the
extensor effort from the outset. Increasing muscle activity with increasing
extensor effort is not observed in the sternomastoid, omohyoid, and splenius
capitis muscles until a much greater extensor effort is reached. It is note-
worthy that for this particular example the onset of muscle activity for the
right and left sides of the splenius capitis do not occur for the same value
of extensor effort. This phenomena is also very pronounced in the omohyoid
muscle.
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Variations were observed in the results between the different volunteers, be-
tween tests performed on the same volunteer (as illustrated by the sample re-
sults of Fig. 2.7), between results from the muscle mass on opposite sides of
the spine for the same muscle during the same test. It was felt that the re-
sults for each of the 5 tasks could be best interpreted as the average of the
three tests performed on each of the volunteers and as the average of all the
tests on all of the volunteers.

A summary of these results are shown in Table 2.2

DISCUSSION

In the numerical description on the cervical spine (appendix A) each muscle is
described as a collection of vectors running from points of origin to points
of insertion. Each group can be approximated as a single vector representing
the muscle's average line of action (Fig. 2.8). This approximate representa-
tion is useful in interpreting these experimental results.

Semispinalis Capitis and Splenius Capitis: The findings of the present
study indicate that as the extensor moment is increased, the semispinalis
capitis and splenius capitis muscles are recruited in two distinctly different
ays. As the extensor noment is increased, the semispinalis capitis muscle ex-

hibits an immediate response whereas the splenius capitis does not. This delay
was observed to be a function of extensor moment (ie. applied load). The only
previous report on the function of these muscles is that of Takehe, Vitti, and
Basmajian [44] which showed the EM activity of these muscles versus time for
free motion; the above phenomenon was not observed, since muscle activity as a
function of the extensor effort was not recorded.

Sternohyoid and Omohyoid: These two muscles produce flexion moments on all
of the intervertebral cervical joints. Since the neck is producing an
extensor effort, it is reasonable to assume that these muscles would produce
no activity during the execution of this task. This intuitive assumption is
observed in both the preliminary and main investigation for the sternohyoid
muscle but not for the aiohyoid muscle.

The study has shown the amohyoid muscle to be active during extension of the
head against resistance. Because of the unlikely position of the muscle, these
findings are especially significant. Furthermore, if the omohyoid is indeed
working at a significant portion of its assumed maximum during resisted exten-
sion, it would mean the discovery of a new secondary function for the muscle.
Integrated EM results from the amohyoid showed a wide spread of values. It
was not possible to palpate this small muscle and hence ease of electrode
placement varied considerably from subject to subject. This my account for
most of the scatter. If so, a careful screening of participants for accessible
cmohyoids any result in a more accurate study.
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: :AXIMUM: KJSCLE ACTIVITY ONSET
TASK :VOUNIEER: EFFORT:STERN(MASTOID: M0MOHYOID SPINALIS CAP:SPLENIUS CAP:

: (kg) : (kg) : (kg) : (kg) : (kg)
: 1 : 25.8 : 10.1 16.0 0.0 5.7
: 2 : 25.4 : 13.2 : 12.5 2.4 7.5
1 3 : 17.7 : 7.3 11.9 : 0.0 6.7
: 4 : 19.0 : 5.4 9.3 0.0 : 4.6
: 5 : 26.2 : 15.1 : 19.8 0.2 : 7.5
average : 22.8 : 10.2 : 13.9 : 0.5 : 6.4

1 : 22.5 : 5.3 : 9.7 : 1.1 : 3.0
2 : 20.0 : 14.1 : 16.1 : 3.6 : 4.8

2: 3 : 18.6 : 7.9 : 10.4 : 1.2 : 0.7
4 : 19.2 : 8.0 : 12.0 : 0.3 : 3.1

. 5 : 18.3 : 8.8 : 13.3 : 3.0 : 4.4
average : 19.7 : 8.8 : 12.2 : 1.8 : 3.2

:: 304: 11.2:

1 30.4: 8.2 : 11.2 : 0.0 : 8.5
: 2 : 27.0 : 8.0 : 18.8 : 0.4 : 10.9

3: 3 : 21.5 : 14.5 : 14.4 : 0.0 : 11.1
4 : 19.7 : 6.6 : 6.0 : 0.0 : 4.1
5 : 30.4 : 9.1 = 22.4 : 1.4 : 9.1

average : 25.8 : 9.3 : 14.6 : 0.4 : 8.7

1 : 20.1 : 9.5 : 13.0 : 2.7 : 4.2
2 : 17.8 : 6.6 : 12.4 : 0.6 : 5.1

4: 3 : 16.8: 21.1 : 14.3 : 4.1 = 5.4
4 : 20.6: 7.4 : 10.8 0.0 : 1.6
5 : 23.3: 12.0 : 15.6 : 0.8 : 3.8

average : 19.7 : 11.3 : 13.2 : 1.7 : 4.0

1 : 32.0: 10.2 : 14.0 : 0.0 : 7.0
2 : 29.3: 16.3 : 16.3 : 0.0 : 9.0

5: 3 : 23.5: 9.5 : 11.4 : 0.9 : 8.3
4 : 25.3: 7.4 : 11.6 . 0.3 : 4.3
5 : 27.4 : 12.6 : 14.4 . 0.2 : 6.1

average : 27.5 : 11.2 : 13.5 : 0.3 : 7.0

Table 2.2 Averaged results obtained from volunteers performing TASK 1-5
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Intuitively, we can see from Fig.2.8 that the extensor effort will produce rel-
atively larger flexion moments at the lower cervical joints than at the higher
cervical joints. Therefore in order to balance this applied moment it is neces-
sary for the muscle to produce a relatively higher extensor moment at the low-
er cervical joint than at the upper ones.

The capitis muscles tend to produce a large moment at the upper joints as well
as at the lower ones. If use is to bey made of these muscles in the execution
of this task, it is necessary to recruit another muscle which can reduce this
undesirable effect of the capitis muscle in the upper joints. The omohyoid has
an orientation that is well suited to counterbalance this moment. Although its
diameter is small, it has a long lever arm. For this reason it should not be
overlooked as a substantial contributor toward stabilization of the cervical
spine during the performance of this task.

Sterncmstoid and Scalene Posterior: A recent investigation of the sterno-
mastoid [44] has shown this muscle to e rarely active during backward exten-
sion of the head against resistance. These researchers have reported activity
during this exercise in only 4 out of 20 subjects examined. In the preliminary
investigation of the present study activity was noted in all but one case.
The results for this muscle can be considered mure statistically reliable than
in the case of the oohyoid due to the ease of electrode placement on the
sternomastoid muscle.

From Fig. 2.8 it can be seen that this muscle produces a large flexor morent
at the lower cervical joints. Activity fran this muscle is thought to be unde-
sirable at a tine when priority has been given to balancing the very large
flexor morents resulting from the load at these lower joints. For the same rea-
son, no activity is expected from the scalene muscles and the sternohyoid us-
cle. It is not known why a slight degree of activity from the sternomastoid
muscle is observed.

Similar results were also observed fron the posterior portion of the scalene
muscle. This muscle produces almost pure ccxiression at all of the cervical
joints with insignificant extension or flexion momennts. Since this muscle is
not in a position to support the load, it is difficult to explain the role of
this muscle on an intuitive basis. It is possible that the scalene and sterno-
mastoid muscles are acting to support the rib cage rather than the neck.
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M!4ELLINM THE HUMM CERVICAL SPINE

OBJ=IVE

The purpose of this section is to develop a sagittal plane mthematical model
capable of simulating the mechanism of the musculo-skeletal structures of the
neck when subjected to the forces resulting from sagittal plane loading condi-
tions such as pilot ejection.

Examination of previous modelling approaches revealed that the continuum mod-
elling approach was incapable of determining the specific structure which
would limit the spine in supporting a load. The discrete modelling approach is
forced to rely on assumed parameters when insufficient test data is available.
A greater problem of the discrete parameter model is its inability to deter-
mine the contribution of the muscles. This second limitation is perhaps the
most serious since it is felt that the muscle will play a very critical role
in the supporting of a load or the execution of a movement.

It is felt that the best approach to follow in developing the required nodel
is the optimization approach used by Gracovetsky et al [18) in modelling the
lumbar spine. This approach is particularly attractive since it makes possible
the use of EM4G results in tuning the model. Therefore the same principles
which were used in the development of the lumbar spine model will be used to
develoi" a model of the cervical spine.

THE MODEL

When an external load is applied to the spine, the moment it creates at each
intervertebral joint must be balanced by internal mnents created by nruscle
and ligament tensions. To illustrate how this balance is achieved, w-- will con-
sider a single cervical joint as shown in Fig. 3.1.

In this illustration, w- see the joint supporting the weight of the head and
that portion of the neck above it. In order to simplify the diagram further,
only a single muscle strand of semispinalis cervicis and a single strand of
splenius cervicis are shown.

The forces acting on this cervical joint may be divided into 4 groups:

I)- The load, resulting from the head and neck
2)- The reaction forces of the joint, acting at the center
of reaction
3)- The muscle tensions, shown here to be acting behind th"
center of reaction.
4)- The ligament tensions, shown to be acting behind the
center of reaction.
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Figure 3.1 Simplified free-body analysis of C6-C7 intervertebral
joint showing load distribution in cervical joint
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CERVICAL INE.- - SECTION 3- 3

In order for equilibrium to be achieved the sum of the components of all the
forces in the two mains directions (i.e shear direction and compression direc-
tion) must sum up to zero and the moments must balance.

The reaction force can be seen as a fulcrum around which the moment due to mus-
cle and ligament tensions balance the moment due to the load. From the di-
agram it becomes obvious that the load can be balanced by an infinite number
of combinations of muscle and ligament tensions. Hence it is possible to im-
pose additional constraints on this system and still satisfy the equilibrium
conditions.

Wolff's law, as stated elsewhere in this report, characterizes the response of
the bone to stress. We have proposed that Wolff's law can be mathematically ex-
pressed by the fact that stress within the spine must be minimized and equal-
ized. Therefore it is reasonable to search for the muscle action that will
not only balance the load, but will also result in stress minimization and
equalization at each intervertebral joint.
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CERVICAL SPINE-- SETION 3- 4

WDLFF's LAW APPLIED TO THE CERVICAL SPINE.

OPTIMIZATION

The problem will be mathematically formulated as the minimization of an objec-
tive function subject to various types of constraints.

DEFINITION : THE OBJETIVE FUJc rION

The objective function expresses the necessity for the intervertebral joints
to minimize and equalize their stress without exceeding physiological limita-
tions (limitations of muscular power and the strength of ligaments). The
stress is due to the actions of the muscle pull (Kk), the ligament reaction
(Lj) and the shear reaction of the joints (Jj). This objective can be approx-
iated as a quadratic function as follows:

F-F1 (muscle) + F2 (shear) + F3(comp.) + F4 (ligament)

where: 2Fl(muscles) = UM (PlxKk)k=ltoNm

F2(shear)= SUM (P2xJs.)
2

j=l,8

F3(comp.)= SUM (P3xJcJ)
2

j=l,8
F4 (ligament)= SUM (P4xL

2

j=l,8

This form of objective function is chosen for two reasons:
1) it adequately represent physical objective of stress minimization
and equalization
2) it is reasonably straight forward to obtain a mathematical
solution

The Pl,P2,P3 and P4 are, at this time, constant coefficients de ermining the
relative importance of the various terms in the objective function. These co-
efficients represent the only freedom that this modelling has, and all exper-
iments must be accounted for by the determination of these four quantities.

The coefficients Pl,P2 and P3 were set respectively to be the inverse of the
maximum muscle pull, joint shear and joint conpression. In this vay the mus-
cle and joint stresses will tend to achieve their maximum value for equal val-
ues of Fi.

At this point, only P4 needs to be determined. This can be done by imposing
the requirement that the optimized model output show reasonable agreenent with
the experimental results.

We would like to note that P4 is intimately attached to the concept of muscu-
lar strategy in the sense that the task may be performed in a number of wiys
depending on how the subject chooses to recruit his ligament structure.
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BIOLOGICAL LIMITS - Bguality and inequality constraints -

EQUALITY CONSTRA.INTS :The solution of our problem must satisfy the equations
of equilibrium. These are also called the equality constraints. The forces
acting at a joint can be considered to be due to one of four groups, namely:

1) EXTERNAL UOAD - defined as a force due to the weight of
head and neck together with an externally applied load.
2) MJSCLE LOAD - defined as a force due to the muscles
when contracted.
3) LIGAMENT REACTION - defined as a force due to the defor-
mation of the ligament, during motion.
4) JOINT REACTION - defined as a force due to the deforma-
tion of the disc or the facet.

Since there are no other forces acting on the joint, the mo:mnts, sheir, and
compression due to these forces must balance. This can be stated in equition
form as follows:

xM(A. K + E.. +L.. + J.. 0k=ItoN' j3Kk) ij ij Jij

Where:

Aijk = force carponent(i) (compression, shear, and monent) at
joint(j) (CO-Cl, Cl-C2,...,C7-TI) due to a unit stress i'-

muscle group k (multifidus,scalene,etc.)
Kk = stress in muscle group k
Eij = force component i at joint j due to an external load
Lij = conponent i at joint j due to the reaction of the ligaments at

joint j
Jij = force ccmponent i of the reaction at joint j due to the disc

and the facet

The Aijk terms can be determined from anatomical descriptions of the cervical
spine and x-rays (Appendix A). The values for Eij can be obtained from a pre-
cise description of the task to be performed.

The mathematical objective is to determine the muscular action (Kk), the lig-
ament tensions (Lij), and the joint reactions (Jij) due to an external loid
Eij with the motion of the neck restricted to the sigittal plane.
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CERVICAL SPINE- - SECTION 3- 6

INEQUALITY CONSTRAINTS

We must now examine the inequality constraints. With the convention that pos-
itive stress represents tension, the inequality constraints may be expressed
as follows:

Kk>0 and lk> 0

That is to say that the muscles and ligaments can only exert a pull. The model-
ling procedure then consists of minimizing the objective function (F = Fl + F2
+ F3 + F4) in such a way that the equality and inequality constraints de-
scribed above are satisfied.

DErRMI ION OF THE OOEFFICIEfTS P1,P2 and P3.

As stated earlier, the coefficients are set to homogenize the stress values in
the structural components of the neck. An appropriate method for choosing
these values is to set them equal to the inverse of the square of the maximum
stress that can be withstood in the corresponding structural group. Therefore
as an initial estimate for Pl,P2 and P3, one chooses the best available esti-
mate for the maximum values of the muscle pull, joint shear and compression.
The initial approximations taken are:

P1 = 1. P2 = .01 P3 = .01

More accurate estimates of these values will be determined by trial and error
using experimental data. Since the ratio of the coefficient is what really
determines the optimal solution of the minimization problem, the coefficients
were normalized in such a way that PI=1.

The significance attached to the ligament weighting factor P4 is different.
The parameter P4 ensures that the subject cannot arbitrarily recruit his lig-
ament structure in performing the task. If, for example, the subject is re-
quired to support the load in a neutral position, one would exp:ct thiit thp.
ligaments would produce very little tension. This would be uiv.al. nt to as-
signing a relatively high value to the parameter P4.

If the subject is required to support a load while in a floxe i , lr, :i
would be reasonable to expect the ligaments to support a muich -r :t I i,,r.

of the load. This would be equivalent to setting the paramtor P4
lower value. The determination of P4 is done by tuning tI), (_,il II.it TT,-_,;

response to the measured EWS response.
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REDlCTION OF MODEL SIZE : muscle grouping.

The numerical description of the neck requires every muscle to be described as
a vector running fron its point of origin to its point of insertion. In the-
ory, it is possible to consider each of these vectors (muscles) as independent
variables; but this would result in an unreasonably large problem. It would be
desirable if some simplification could b. found. "uch simplification exists

because Ae have restricted zhe motion to lie in the sagittal plane. As such

each muscle will not behave independently. In other words, the muscles will
be expected to fire in groups. Determining the minimum number of independent
muscular groups is therefore an inportant step since it will result in a dras-
tic reduction in the computational burden necessary for solving this problem.

The determination of which muscle belongs to what group is a trade-off between
reducing the number of variables to a manageable level without sacrificing the
freedom necessary to execute the task. First of all we must define the proper-
ties that a muscular group should or should not enjoy.

PROPERTY # 1 : All the iniscles iti a group will have their activ-
ity increasing or e_-creosing at the samE time. An examrple of an ac-

tion of the se.'mispin-lis cervicis doul be extension of the head and

neck against resistance. As the extensor effort increase-, so does

the activity of both muscles.

PROPERTY # 2 : Muscles which traverse corpletely different sets

of joints will have different actions and therefore will be assigned

to different groups. For example, consider the splenius cervicis

which inserts into the neck and the splenius capitis which inserts in-

to the head. These two muscles are treated as independent variables,

and will be assigned to different groups. Similar considerations ap-

ply to the semispinalis cervicis and capitis, the longissimus

cervicis and capitis, and the longus cervicis and capitis.

PROPERTY # 3 : Muscles with cyrpletely different functions will

have different actions and should be placed in separate groups.

Exanples of this are the omohyoid which produces a flexor moment, the

scalene muscles which produce little moiment, and the splenius

cervicis which produces an extensor nomwnt.

Using these assumptions and some trial and error a muscle qrouping arrangement
is obtained. The resulting muscle groupings are shown in Table 3.1 below.

CLASSIFICATION OF M[3SCLE ACTIVITY
For any given task, the muscular action can be characterized as follows:

1- Primary Action- A muscle having a priimry action will perform a
task at near maximum level by firing at near maximum level.

2- Secondary Action- A muscle haiving a secondary action will perform
a task at near maximum level by firing at a level inferior to its
capacity.
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CERVICAL SPINEP-NE- - S ON 3- 8

Group Muscle Group Muscle

1 Multifidus (C2-C3 level) 14 Longus Capitis
2 Multifidus (C3-C4 level) Longus Superior
3 Miltifidus (C4-C5 level) Longus Vertical
4 Miltifidus (C5-C6 level) tongus Inferior
5 Miltifidus (C6-C7 level) 15 Scalene Posterior
6 Miltifidus (C7-Tl level) Scalene Medius
7 Semispinalis Cervicis Scalene Anterior
8 Semispinalis Capitis 16 Sternohyoid
9 Spinalis capitis 17 Sterninastoid

10 Splenius Capitis 18 C0ohyoid
11 Splenius Cervicis 19 Rectus Capitis Minor
12 Longissimus Capitis 20 Rectus Capitis Major
13 Longissimus Cervicis 21 Oblique Capitis Superior

Iliocostalis 22 Oblique Capitis Inferior

TABLE 3.1 :'USCLE GROUPI13

M3DEL TUNING AND SIMUIATION

Tuning is the procedure by which the model response is made to match the exper-
imental EMG data obtained froin human experiments. This adjustment is mde by
appropriate modification of the parameters P2,P3 and P4.

TUNING OF THE PA&MEM P4 Increasing the value of P4 has the effect of
forcing the model to rely on muscular action to support the load. The values
of P2 and P3 are set to the initial value of .01 as mentioned earlier. P4 is

initially set to zero and gradually increased until the muscles reach their
maximum for the maximum extensor effort obtained in the experimental investiga-
tion (Section 2).

The maximum force p~r Unit cross-sectional area that the muscles can produce
is about 8 kg/cm [20> Based on the study of Gracovetsky, Farfan, and ramy
(171, we will assume that the maximuim voluntary muscular effort perform d by
our volunteers will not exceed 2/3 of this ultimate limit.

With this assumption the following values of P4 for the flexed, upright and ex-
tended neck postures are respectively 0.04, 0.09 and 0.10
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Initially, the experimental investigation of section 2 was executed with the
semispinalis capitis and the spinalis capitis grouped together. This grouping
resulted in calculated responses that wre not confirmed by EM experiments.
Hence, these two nscles were split into two distinct muscle groups. This ar-
rangement was confirmed by EYG data for the three postures and was adopted in
all subsequent simulations.

TUNING OF THE PARUV&TM P2 The value of the parameter P2 was increased
and decreased around its initial guess to determine the consequences on the
load distribution in the neck. Changes in P2 do not greatly change the distri-
bution of the load between muscles and ligament. -t does Fffect however the
distribution of the load between the muscles themselves, notably the spinalis
capitis and the splenius capitis.

It is important to remember that initially the four parameters P1 to P4 ".re
the only degrees of freedom available in our model to tune the response of the
eight intervertebral joints to a load. This arrangement proved inadequate for
the following reason:

A single value for P2 for all eight intervertebral joints resulted in
poor correlation between the simulation and experiments. With a val-
ue of P2 = 0.01, the onset of the calculated splenius capitis activ-
ity was in the range of 0 to 1kg . By increasing P2, little change
in the model response ws observed. By decreasing P2, the onset of

the calculated splenius capitis activity would tend towards 0 kg .
These results do not correspond well with the measured onset of activ-
ity ( 5 to 6kg range ).

A separate weighting coefficient was assigned to the upper two cervical joints
(occipital-Ci-C2). By augmenting the value of this parameter, we noted a sig-
nificant increase in the extensor effort required to recruit both the splenius
capitis and the omohyoid. The response of the model rermined insensitive to
changes of the P2 value corresponding to the lower joint due to the domination
of the model's response by the shearing load on the upper two intervertbra l
joints.

This result suggests that the resultant of any force vector passing through
the occipital-Cl-C2 region must c)ntain essentially zero shear coriponent. The
entire cervical system will react strongly to the presence of any shear in
this area.

The best values for the parameter P2 are 8.0 for the upper two cervical joints
and 0.03 for the lower 6 cervical joints.
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TJNIU OF THE PARAMETER P3 The parameter P3 controls essentially the com-
pression at the joints. By increasing P3 above the initial value of 0.01 we
noted a shifting in the load distribution from the muscles with shorter lever
arms, such as the multifidus, to the muscles with longer lever arms, such as
the semispinalis cervicis and spinalis capitis. large increases in P3 also re-
sulted in the elimination of the omohyoid's contribution.

On the other hand, by decreasing the value of P3 we noted little change in the
response of the model. This suggests that the lower values of P3 may be cor-
rect, because they indicate a higher compressive strength. A value of 0.01 is
used in all subsequent simulation since it represented the most conservative
estinate.

SIlUIATION OF EXPERIMTML TASKS

Using the weighting coefficients selected above, the model was used to sim-
ulate the five tasks that the volunteers performed in the experimental investi-
gation ( section 2). The line of action of the resistive force of the
restraining strap %as obtained from photographs of the subject extending his
neck against resistance. The results of these simulations are described below
and illustrated in Fig. 3.2.

TASK # 1 The neck is in the normal upright posture. The average
height of the restraining strap is 21cm above the subject's sternum
and the average angle between the restraining strap and the horizon-
tal is 10 degrees. The onsets of muscle activity for the spinalis
capitis, the splenius capitis and the omohyoid are respectively 0, 4,
and 15 Kg.

TASK # 2 The neck is in the fully flexed posture. The restraining
strap is at an average height of 22cm above the sternum and the aver-
age angle with the horizontal is 13 degrees. The onsets of muscle ac-
tivity for the spinalis capitis, the splenius capitis and the
omohyoid are respectively 0, 0 and 9 kg.

TASK # 3 The neck is in the fully flexed posture. The restraining
strap is at an average height of 17cm above the sternum and the aver-
age angle with the horizontal is 11 degrees. The onset of muscle ac-
tivity for the spinalis capitis is 3kg. The splenius capitis and
omohyoid are not active.

TASK # 4 The neck is in the fully flexed posture. The restraining
strap is at an average height of 25cm above the sternum and the aver-
age angle with the horizontal is 45 degrees. The onset of muscle ac-
tivity for the spinalis capitis, the splenius capitis, and the
omohyoid is 0 kg.
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2 TASK TASK 2
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Figure 3.2 Simulation results for neck subjected to loading resulting
from subject executing task 1-5
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TASK # 5 The neck is in the normal upright posture.The restraining
strap is at an average height of 19an above the sternum and the aver-
age angle with the horizontal is 41 degrec The onsets of muscle
activity for the spinalis capitis and the splenius capitis are respec-
tively 0 and 14kg. The aohyoid is not recruited.

DISCUSSION

The five tasks have been simulated with the same values of P2 and P3. The pa-
rameter P4 is a function of the posture and is varied depending on the task.
The model results are compared with the average experimental results of table
2.2.

During the switch from a flexed posture to an extended posture, the level of
extensor effort required to recruit the splenius capitis and the omohyoid in-
creases. When the strap position is lowered to produce a larger angle with re-
spect to the horizontal, these experimental results indicate a slight increase
in the extensor effort required to recruit the splenius capitis muscle.

The same trends were observed in the simulated results but the calculated
trends appear to be exaggerated. One possible explanation is that the model
is based on X-rays of an unloaded individual extending and flexing his head to
his limit. The same individual under loaded conditions can be expected to per-
form the same task at a slightly different angle of flexion. It is not possi-
ble to X-ray volunteers for such determination. Also the restraining strap
represents an additional constraint on the subject's attitude while performing
the tests.

We also note that the calculated muscular pattern results from an otimization
procedure, and that the procedure is only as good as the objective function.
The variations in the muscular response from the various volunteers and even
the variations observed between tests on the sane volunteer cannot be precise-
ly accounted for in such deterministic modelling.
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THE REIATION BETWEEN THE CAICULATED RESULTS AND THE PHYSIOLOGICAL BEHAVIWR

In the acccmplishnent of any given task, the spine follows basic laws of phys-
ics resulting in measurable physiological behavior (i.e. specific muscular pat-
tern, a specific geometry, a specific disk pressure). The mathematical equa-
tions minimizing stress yield muscle patterns specific to the task. Using the
muscle patterns of only tw groups of muscles, an E% pattern is calculated
for 22 muscle groups. The OFU pattern of all muscles available to surface
electrodes are found to conform to the calculated results. This is true for a
range of neck postures. Striking in this regard is the predicted function of
the cmohyoid and its completely unsuspected role as a flexor of the head.

There are two exceptions to this. The sternomastoid exhibits low level activ-
ity which we attribute to some small positional shift of the restraining
strap. There is also low level activity in the scalenes which we believe is
related to the fixation of the chest with their muscular effort.

At the present time there are no measurements in the literature of disc pres-
sure in the cervical spine. The values obtained from the simulation are well
within known limits for lumbar discs.

Although we cannot conclude that we have truly represented physiological behav-
ior we have closely approximated the system of loading in the spine. This ap-
proximation appears to be identical in all major respects to the physiological
system of loading of the lumbar spine.
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SIMUIATION OF NECK RESPONSE TO AWLERATION LOADINM

The next stage of the study is to use the tuned model to simulate a subject un-
dergoing high constant acceleration. For this study there are four possible pa-
rameters which can be varied. The first is the magnitude of the acceleration
which the subject must sustain. The second is the direction of acceleration
with respect to the subject. We must also consider changes in the subjects pos-
ture. First there is the case in which the moments generated by the acceler-
ation load is supported only by the musculature (MJSCLE STRATEGY). This will
serve as a worst case analysis of how much acceleration the neck can support.
Then we will introduce the ligaments as significant moment supporting struc-tures (LIGAMENT SIRATBGY) to obtain a more realistic analysis of the cervical
spine load bearing capacity.

.USCLE S1RATBSY

The model is tuned in such a way that the ligament tensions are as low as pos-
sible while still maintaining equilibrium at the cervical joints. This is
achieved by setting the ligament weighting factor P1 to as large a value as
possible without altering the muscle firing strategy by an unreasonable
amount. A value of P4 = 1.0 was used.

Results were calculated for the normal upright (or neutral), flexed and extend-
ed postures.

NELYIAL GEOMETRY For the first set of simulations the neck was represented
in the normal upright posture (neutral geometry). The model was used to obtain
the muscle, ligament and joint responses to this acceleration. The value of
the acceleration load was increased until one of the structural components
reached its limit.

The relative arrangement of acceleration vectors with respect to the cervical
spine was changed as indicated in Fig 4. 1. The maximum acceleration support-
able for each direction of the acceleration vector was calculated in accor-
dance with the above procedure. The results are shown in Fig. 4.2 as a plot
of the maximum acceleration that the muscles of the neck could support versus
the orientation of the line of acceleration with respect to a line acting
through the center of gravity of the head and approximately through the axis
of the spine.

It can be seen that if the subject assumes a neutral spinal geometry, he can
support up to 30g of acceleration when the load is acting through the spine.
If however the acceleration deviates slightly from this optimum orientation,
the maximum acceleration that the muscles may support decreases.
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00 Rotation 0

_____________ Direction of Loa d ______

Due to Acceleration

Fig -4.1 loading configuration for simulation of high

acceleration in neutral spinal geometry.
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30* Rotation Optimum 300 Rotation
of Subject Orientation of Subject

Fig - 4.2 Simulation results for neutral spinal geometry.
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FLEXED GE4MEMY This simulation considers the spine to be in a flexed geom-
etry. As was done in the previous case, the acceleration was increased until
one of the muscles of the neck reached its limit.

The orientation of the line of acceleration with respect to a line acting
through the center of gravity of the head and approximately through the axis
of the spine uas varied (Fig. 4.3). Values of maximum acceleration which the
muscles could support were determined. These results are presented in Fig. 4.4
as a plot of the maximum acceleration that the muscle can support versus orien-
tation of the line of acceleration.

It can be seen that the maximum acceleration that can be supported in the
flexed spinal geometry occurs when the line of acceleration is acting approx-
imately through the spine. The important feature is that the maximum acceler-
ation dropped from 30g for the neutral position to 24g for the flexed
position. As seen in the previous results the maximum decreases sharply for
change in the orientation of the subject.

ENDED GB EMY Finally simulations were performed for the neck in the
extended spinal gecinetry. As 'ns done in the previous two cases, the acceler-
ation %as increased until one of the cervical muscles reached its limit.

The orientation of the line of acceleration with respect to a line acting
tlrough the center of gravity of the head and approximately through the axis
ot the spine ws varied (Fig. 4.5). Values of maximum acceleration were deter-
mined and the results are presented in Fig. 4.6.

It can be seen that the maximum acceleration that can be supported in the ex-
tended spinal geometry occurs when the line of acceleration is acting approx-
imately throughout the spine. The important feature is that the maximum
acceleration dropped from 30g for the neutral position to 15g for the flexed
position.
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0 0 R o tat io n

a0

0

-00

Direction of Load
Due to Acceleration

Fig -4.3 Loading configuration for sinulation of high
acceleration in flexed spinal geonetry.
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Fig - 4.4 Simulation results for flexed spinal geomrtry.
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Fig - 4.6 Simulation results for extended spinal geometry.
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LIGAMEYr STRATBSY

In order to obtain a more realistic simulation of the response of the cervical
spine to acceleration load, it is necessary to introduce the ligaments as a
structure which supports a large portion of the moment resulting from the
load. Only accelerations producing flexor mnments can be considered due to the
nature of the idealization of the ligaments used in the model.

Two types of acceleration loads will be considered to illustrate the model re-
sponse. In the first case, the acceleration direction will be determined by
the condition that the resultant load at each joint be essentially compres-
sive. This will result in a mall flexor moment at the joints. The second
case will be represented by an acceleration direction perpendicular to the pre-
vious acceleration direction. This will result in a very large flexor mon nt
at the joints.

For each of these two acceleration directions we consided two neck postures, a
normal upright posture and a fully flexed posture. Hence four cases must be
analyzed.

For each of these four cases, it is desired to determine the maximum support-
able acceleration. Of course this naximum value depends upon the fraximum mus-
cular firing density. This w do not know, but we can estimate the maximum
voluntary effort by using simulation results of the experimental tasks present-
ed earlier. Ne recall that this analysis is based on two assumptions:

The first is that when the volunteer reaches his maximum voluntary
extensor effort, he also reaches his voluntary limit for the lig-
aments, the muscles and joint stress simultaneously. In other words,
the cervical spine structure is best used when all its members are
equally solicited. Note that the estimates derived from this assunp-
tion are necessarily conservative, because if this assumption were
not true, then some of the structures will not be fully solicited at
the time of maximum voluntary effort. Therefore by definition, the
simulations based on these estimates will result in a conservative es-
timate of what the cervical spine can support.

The second assumption is that the maximum voluntary effort is 2/3 of
the ultimate limit. This is based on a study of the lumbar spine by
Gracovetsky and Farfan [17]: it is calculated that a wo-ightlifter
will not voluntarily execute a lift that will solicit his lumbar
spine ccmponents at more than 2/3 of their ultimate strength. Using
this information the maximum voluntary muscular effort is taken as
5.8 Kg/cm
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Using the experimental and simulation results of section 2 & 3 we obtain the
following estimated values of voluntary limit in the normal upright posture.

1. joint stress - 160kg
2. ligament momtent - 160 kg-c
3. muscle tension - 5.8kg/in'

For the fully flexed posture weobtain the following voluntary limits.

1. joint stress - 160kg
2. ligamrent momient -320kg-cm

3. muscle tension -5.8kg/on
2

Recall that the objective function has four paramreters P1 to P4. The paramreter
which remains to be determined in this case is the ligament weighting paramn-
eter P4. The effect of this parameter on the response of the imodel is best il-
lustrated by a plot of the maximum supportable acceleration ( i.e resulting in
any spinal mrember being solicited at 2/3 of its ultimrate strength) versus P4.
This has been done for two neck postures and two) acceleration directions. (see
Fig. 4.7 and Fig 4.8). These figures show the area in which a solution may he
found.

NormalJ upright posture - Flexed posture For the cases where the acceler-
ation is acting through the spine, the limiting factor is the joint stress limn-
it. This results in maximium supportable accelerations of 40g and 37g for the
normal upright and the fully flexed postures respectively (Fig. 4.7). When the
acceleration direction is acting at 90 degrees of the cctrpression direction we
calculate a maximum supportable value of 13 g's for both postures (Fig. 4.8).
The values of P4 are different, n~amely .0875 and .028 for the upright and
flexed postures respectively.

We note that the sharing of the load between the muscles and ligamrents is a
function of the posture. Nevertheless, the mraximum supportable acceleration
does not change appreciably. This remrarkable result may he attributed to th-,
fact that the cervical spine is indeed optimized for any task over its full
range of motion. From a mathematical standpoint, the solutions for each pos-
ture were calculated independently. The similarity of the conclusions is seen
as a confirmation that our approach is basically correct. Wb also believe
that Wolff's law is not restricted to the microscopic level of bone structure,
but is probably valid in generalized form for the entire naecroscopic spinal
structure. The proof of this argulment is left for future study.
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40 Upright Neck Posture
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Figure 4.7 Mbximum vo,_untary limits for acceleration loading in

the norMs I upright neck posture arnd the fully flexed neck

posture with load acting perpendicularto axis of spine
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Figure 4.8 Maximum voluntary limits for acceleration loading in
the noriml upright rxxck posture and the fully flexed neck
posture with acceleration load acting approxinately through axis
of the spine
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DISCUSSION and FUTURE WORK

The results of these simulations can be summarized as follows:

1) The maximumn supportable acceleration is a function of two elements:

a)- The fact that the O/C1/C2 joints cannot tolerate shear;
b)- The relative alignment of the spinal lordosis to the acceleration
vector.

Any ejection configuration which do~es not respect these two conditions will
lead to premature saturation of the muscular system and loss of control. It is
clear that the muscle system is crucial for the control of the stress level in
the cervical spine. This particular feature is unique~ to this model and is the
reason for not using spring dashpot mrodels such as (6]. However, once the mus-
cles have lost control of t.'ie situation, the spring dashpot mo~dels should accu-
rately represent the dynamics of the spine.

2) Lowering the level of stress within the structure implies the use of the
ligament system, and the corresponding muscular strategy. If the ligament sys-
temn is not used (eg. the nuchal ligament is relaxed), then the load is entire-
ly balanced by muscular action. In this case, the best configuration of neck
orientation and acceleration vector gives us a calculated upper limit of 30
g's. If we consider that the maximum supportable acceleration is 2/3 of this
ultimate limit, we obtain a maximum supportable acceleration of 20a's. Note
however that if the spine deviates fromn the optiumn posture, then the maximum
supportable acceleration drops to about 5 g' s.

3) If the ligament system is used in conjunction with the muscular system,
then the maximum supportable acceleration can be as high as 40 g'ns in the best
case and drops to 13 g's in the worst case. This is a significant improvement
over the pure muscular strategy described in 2) above.

4) If the structural comrponents (muscle,ligamaent,joint) were allowed to go
their limits rat er than the assumed 2/3 voluntary limit used in 3 above, the
cervical spine could support a much larger acceleration. By extrapolation we
would estimate the highest value to he in the range of 50 g's. However, cau-
tion must he exercised before accepting such an extrapolation. For safety rea-
sons, the experimental tuning of our modxel was performed on human volunteers
who had full control of their loading conditions. None of these were in the
high acceleration range. In principle, our approach could be verified by ap-
propriate animal experiments.
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5) The maximum magnitude of supportable acceleration remains constant with
changes in neck posture provided the direction of acceleration is appropriate.

6) The resultant of forces passing through the O/C/C2 structure must not con-
tain any shear component. This explains why the unrestrained head will tend
to orient itself into the direction of acceleration.

7) This work suggests at least three ways to promote safe pilot ejection.

a)- By proper alignment of the spine with the acceleration vector. In
particular note the O/CI/C2 shear condition.

b)- By external stimulation of appropriate muscles before ejection be-
gins.

c)- By external support .uch as air bags inflated at the time of ejec-
tion. Our studies however emphasize caution: the O/Cl/C2 position rel-
ative to the acceleration vector is essential. The pilot's central
nervous system will always tend to modify the spinal lordosis in or-
der to achieve zero shear at the O/CI/C2 joints. An air bag may pre-
vent this geometry change. %b suggest that the air bag system should
have at least two actions: 1) to freeze the pilot in the most advanta-
geous posture given the constraints of the seat, and 2) to offer ac-
tual supplementary support for the head. This will be necessary if
the seating configuration does not permit optimal spinal geometry.

8) This analysis could be merged with our previous model on the lumbar spine
to re-evaluate the ejection problem for the total spine.

9) We understand that there are other aircrafts that subject the pilot to se-
vere lateral forces. A spinal model for this type of forces could be developed
along the same principles. Such a model would determine the muscular action
necessary to minimize stress within its spinal structure of the pilot and nnin-
tain zero shear at the O/Cl/C2 joints. Muscular fatique could be assessed.
This type of analysis would lead to compensatory measrures resulting in an im-
proved seat design.
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CONCLU3SIONS

The anatomical arrangement of the muscles, ligaments and bones of the cervical
spine, including the skull and the shoulder girdle have been described in
mathemtical terms. The relationship between the external loads and the
internal forces generated by muscle and ligament at each intervertebral joint
of the spine was expressed in mathematical terms.

The large number of muscle strands in the cervical spine have been arranged
into a number of functional groups, each with its own independent muscular
firing density. In order to perform a given task such as balancing an external
load, the muscular strategy has been calculated using an objective function
which is minimized by optimization techniques. The objective function
expresses that the best muscular action will attempt to 1) minimize the
stress at the intervertebral joint and b) balance the external load without
exceeding the biological limits of material.

Experimental investigations using electromyographic ,information obtained from
volunteers performing isometric tasks were used to tune the model. Model
tuning consists of assigning values to a few key parameters in the objective
function. The model is considered tuned when the calculated muscular pattern
metches the measured experimental integrated M3 pattern.

The model has been tuned primarily to the pattern of EMS response of two of
the accessible muscles, the splenius capitis and the semispinalis capitis. The
reason for selecting these two muscles is due to the fact that while the
capitis exhibited immediate increasing E4G output with increasing extensor
effort against resistance, the splenius capitis action was delayed.

The tuned model was then utilized to simulate low acceleration loads. %b
found that the maximum voluntary effort which can be achieved was dictated by
the amount of flexion moment that is generated at the lower cervical spine.
This fact is reflected in the model's attempt to recruit the omohyoid muscle
when the neck is subjected to very high flexion moments.

Another observation concerns the preferred direction of loading for the
intervertebral cervical joints. Any shear at the occipital-atlas-axis joint
is undesirable. This indicates that the stress at these levels has a very
direct and primary effect on the muscle firing strategy of the cervical spine.
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The tuned model was then utilized to simulate high acceleration loads. Pirst,
we analyzed the situation that would result if the mu.scles alone were left to
balanice the acceleration load. The sinulations showed that if the load was
acting approximately through the axis of the spine so as to produce high comi-
press ions at the intervertebral joint with relatively little shear or nurents,
then accelerations as high as 20 to 30g could be supported depending on the
posture of the neck. As the direction of acceleration deviated fromn this opti-
mumi, the maximum acceleration dropped to levels as low as 5g.

Secondly, weconsidered the case in which the ligamentous structure has a pri-
mary role in balancing the load. Acceleration values tip to 40 g's were shown
possible without exceeding 2/3 of the best estimate of the ultimate limit of
the structural components of the spine.

These results w~here true for both the nrmral upright anid fully flexed pos-
tures. It was also shown that the maximum magnitude of supportable load that
the neck can support was the sane for bo~th postures.

Caution must be exercised however in interpreting the results calculated for
high acceleration loads: the umodel was validated on human experiments per-
formed at very low acceleration (gravity), and it is this validated mocdel that
w'as used to simulate the spinal response at high acceleration. Proper animal
experiments must be designed for validation of our results.
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APPENDIX A - NU ICAL DESCRIPTION OF CERVICAL SPINE

This section describes the mathematical model of the cervical spine which has
been used throughout the report. The model describes the geometrical arrange-
ment of vertebrae and skull, the ligamrents, and the muscles. It relates the ac-
tion of the muscles and the load applied to the spine, to the stress at the
intervertebral joints.

To avoid the necessity of introducing a large number of assumed parameters, it
is desirable to limit the complexity by which the passive spinal structures
such as the joint and the ligaments are described.

A force balance is imposed on each of the intervertebral joints being consid-
ered. The forces acting at a joint can be considered to be due to one of four
sources:

1) External load - force due to the weight of head
and neck or an externally applied load.
2) Muscle load - force due to the muscles when
contracted.
3) Ligament Reaction - force due to the deformation of
the ligament during motion.
4) Joint Reaction - force due to the deformation of
the disc or reaction force due to the facet.

Since there are no other forces acting on the joint, the moments, the shear,
and compression due to these forces must balance. This can be stated in equa-
tion form as follows:

SUM (A.- Kk)+ Eij+ L..+ J. = 0k=ito,.m13 K k3Jij

Aijk= force corrponent-i (ccnpression, shear, and moment)
at joint-j (C2-C3, C3-C4,...,C7-Tl) due to a unit
stress in muscle group k (multifidus,scalene,etc.)

Kk = stress in muscle group k

E..-- force component i at joint j due to an external load

Lij= component i at joint j due to the reaction of the
ligaments at joint j

Jij= force component i of the reaction at joint j due to
the disc and the facet
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The Aijk are determined from anatomical descriptions of the cervical spine and
x-rays; and the values for Eij are obtained from a precise description of the
task to be performe~d.

DESRIPTION OF RELEVANT SKELETAL SIWX IURE

in the process of numerically describing the muscles of the neck and the re-
sulting reaction forces that these muscles will produce at the I.V. joints,
the vertebrae of the neck (Cl-C7) and the occipital bone must be included as
points of attachment for the muscles. Since som~e of the muscles inserting in-
to the neck and head arise fromn the thoracic region, the thoracic vertebrae
(T-T6 are also included. Since the mrotion of the vertebrae in the thoracic
region is very small comp~ared to those in the cervical region, the thoracic
vertebrae are assumed to be a part of a fixed base on which the neck operates.

in addition to the thoracic vertebrae, muscles of the neck will also arise
from the ribs, clavicle, sternum, and scapula. The sternum and ribs can be
thought to be a part of a fixed base. The scapula-clavicle structure is mrove-
able and can change the line of action of the muscles arising from it. For
this study the shoulders are assumed in a fixed position and the armns
unrestrained.

Each of the vertebrae, ribs, and bones is treated as a rigid body. The points
of interest on the rigid body structure are described in a local coordinate
framea and the skeletal structures are assembled by assigning a location and
orientation for each of the local coordinate frames.

The geometric information is collected from a num-ber of sources. These in-
clude x-rays of an individual in three positions (upright or neutral, full
flexion, and full extension), an assembled skeleton, and individual vertebrae.
The points of attachment to the vertebrae we~re organized in a single array [3
x 17]. Each of the points w.as assigned a code number as follows:

code number =m x 100 + n

where m = rigid body level

n = point number for that rigid body

The location and description of these points are presented in the remainder of
this section.
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OCCIPITAL BONE - For the occipital bone it was found to be convenient to lo-
cate the origin of its local coordinate frame at the centre of the external au-
ditory neatus and define the y-axis as running in the direction of the line

fromn the floor of the orbit to the external auditory meatus. The z-axis is
taken as running up through the top of the skull. The bone is described by 18

points in this local coordinate frame. These points represent the mean points

of insertion of the muscles which attach to the head. See Table A.l.

Point No. Point Description

101 - insertion: rectus capitis post. major

102 - insertion: rectus capitis post. minor
103 - insertion: oblique capitis superior

104 - insertion: rectus capitis lateral
105 - insertion : rectus capitis anterior
106 - insertion: longus capitis
107 - insertion: sterno-mastoid
108 - insertion: trapezius
109 - insertion: longissimus capitis

110 - insertion: semispinalis capitis
11 - insertion: splenius capitis from C4

112 - insertion: splenius capitis from C5
113 - insertion: splenius capitis from C6
114 - insertion: splenius capitis from C7
115 - insertion: splenius capitis from Ti
116 - insertion: splenius capitis from T2

117 - insertion: splenius capitis from T3
118 - insertion: splenius capitis from T4

TABLE A.1 Occipital Bone (see Figure A.1)

ATLAS (Cl) - The atlas is described by a coordinate frame which hs its x-
axis running from the anterior tubercle to the tip of the spinous process and
the z-axis running upwards from the anterior tubercle. This vertebra is de-
scribed by four points in its local coordinate frame. See Table A.2.

Point No. Point Description
201 - insertion: longus colli

202 - origin: rectus capitis lateral
rectus capitis anterior

203 - insertion: oblique capitis inferior
origin: oblique capitis superior

204 - origin: rectus capitis posterior minor

TABLE A.2 ATLAS (Cl) (Figure A.1)
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AXIS (C2) - The origin of the local coordinate frame for the Axis is taken
at the inferior anterior corner of the body with the z-axis running up to the
anterior articular surface of the dens. The y-axis runs posteriorly from the
origin. The Axis is described by six points.

Point No. Point Description
301 - anterior inferior corner of vertebra body
302 - posterior inferior corner of vertebra body
303 - insertion: longus colli

304 - anterior tubercle
305 - posterior tubercle
306 - tip of spinous process

Table A.3 Axis (C2) (see Figure A.2)

CERVICAL VERTEBA (C3-C7) - The origin is located at the inferior anterior
corner of the body with the z-axis running up to the superior anterior corner.
The y-axis runs posteriorly fron the origin. All of these rigid bodies wre
described with 11 points in the local coordinate frame. See Table A. 4.

Point No. Point Description
W01 - anterior inferior corner of vertebra body
m02 - posterior inferior corner of vertebra body
m03 - posterior superior corner of vertebra body
W04 - anterior superior corner of vertebra body
05 - anterior surface of vertebra body

origin & insertion: longus colli

m6 - anterior tubercle
m07 - anterior tubercle
W08 - articular proce-s
m09 - anterior portion of spinous process
ml0 - middle portion of spinous process
Mll - tip of spinous process

m = vertebra level (i.e. m=4 to 8 corresponds to C3 to C7)

TABLE A.4 CERVICAL VERTEBRA (C3 - C7) (Figures A.2)

THORACIC VERTEBA (T1-T6) - The rest of the relevant skeletal structure inly
be assumed to be a part of a fixed base and could therefore be described in
terths of a single coordinate frame. It wes felt, however, that it would be ad-
vantageous to assign a local coordinate frane to each of the thoracic
vertebrae.
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The thoracic vertebrae could not be viewed in lateral X-ray because their view
was obstructed by the arms and ribs. The points of interest on each of the
vertebra %as determined from skeletal specimens. Each vertebrae was described
in its own local coordinate frame ( Table A.5).

Point No. Point Description
Ml - anterior inferior corner of vertebra body
M02 - posterior inferior corner of vertebra body
M03 - posterior superior corner of vertebra body
t04 - anterior superior corner of vertebra body
W05 - anterior surface of vertebra body
m06 - middle portion of transverse process
m07 - base of transverse process
MO8 - tip of transverse process
M09 - middle portion of spinous process
ml0 - tip of spinous process
Mill - angle of rib

m vertebra level (i.e. m=9 to 14 corresponds to Ti to T6)

TABLE A.5 THORACIC VERTEBRA (Ti - T6) (Figures A.3 and A.4)

The local coordinate frames for the thoracic vertebrae are defined in the same
manner as for the cervical vertebrae. The vertebrae are described with eleven
points.

Sternum - Clavicle - Scapula - The sternum is described as a single point
which is used for the origin of the local coordinate frame of the fixed base
and is also used as the origin of the global coordinate frame. The clavicle
and scapula are assumed to be fixed in a known position and all points of mus-
cle attachment are described in terms of the coordinate frame located at the
sternum ( Table A.6).

Ribs - Only the first three ribs are considered in this structure since all
muscles (with the exception of iliocostalis) traversing the neck originate
above the third rib. Iliocostalis, however, is described in the thoracic coor-
dinate frame.
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CERVICAL SPINE SECTION A- 10

Point no. Point Description
1501 - anterior end of clavicle
1502 - posterior end of clavicle

origin : trapezius to occipital bone
1503 - posterior end of clavicle

origin: trapezius to CL
1504 - acromion, origin: trapezius to C2
1505 - acromion, origin: trapezius to C3
1506 - acromion, origin: trapezius to C4
1507 - scapula spine, origin: trapezius to C5
1508 - scapula spine, origin: trapezius to C6
1509 - scapula spine, origin: trapezius to C7
1510 - vertebral margin of scapula

origin: levator-scapula to C3=C4
1511 - vertebral margin of scapula

origin levator-scapula to C2-C1
1512 - vertebral margin of scapula

origin: rhomboid to C7
1513 - vertebral margin of scapula

origin: rhomboid to C6
1514 origin: omohyoid

TABLE A. 6 CLAVICLE + SCAPULA (see Figure A. 4)

Transformation to Global Coordinate Frame - Having assigned a set of coordi-
nates to each of the points of interest in their repective local coordinate
frames, it is now possible to transform them to a global fram. The spine geom-
etry is different for all neck postures, therefore three representive postures
are choosen (neutral, flexion, and extension). Using the location of the or-
igin and the orientation of each of the local coordinate frames the local coor-
dinates are transformed to a qlobal frame located at the sternum (Fiq A.5).

K "

t~~t[I t( HtUTAALI[N IO

Figure A.5 Representation of three basic postures in global achieved through
coordinate transformation
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CERVICAL SPINE SECTION A- 11

LIGAMENT DESCRIPTION

The neck will be assumed to be in a flexed ,extended, or normal upright pos-
ture with the jaw closed at all times. The applied load will be limited to
forces acting in a direction (from posterior to anterior) so as to produce
flexion moments at the intervertebral joints. No load will be applied to the
arms and shoulders. The arms will be assumed to be adequately supported and
therefore will not represent a load to the head and neck structure.

When a load is supported by the spine, a balance must be achieved at each of
the intervertebral joints with the use of the active structural elements (mus-
cles), and the passive structural elements (ligaments, intervertebral disc and
articular facets).

When a flexion moment acts on the intervertebral joint, we assume that the pri-
wary compressive structure is the intervertebral disc and the primary passive
tensile element is the posterior ligament system. The center of the compres-
sive forces is assumed to be acting at the center of the disc's nucleus. The
center of the passive tension is assumed to be acting at the center of area of
the posterior ligaments.

When the intervertebral joint undergoes bending, resistance to the motion re-
sults from the elongation of the ligament fibers and the deformation of the
intervertebral disc. In order for the disc to produce a bending monlent it is
necessary for the posterior portion of the disc to undergo extension deforma-
tion or a lesser degree of compression than the anterior portion of the disc.
This concept is illustrated by idealization of the uniform disc and ligament
properties (Fig. A-6). This idealization would result in stress concentra-
tions at the anterior portion of the intervertebral disc and the posterior fi-
bers of the ligaments.

We have chosen to describe the disc as a purely compressive eleint with a uni-
form distribution of stress, and with the center of compression acting at the
center of the disc's nucleus. This description does not allow for a bending
moment to be absorbed by the disc. A direct consequence of idealizing the disc
in this manner is that the ligaments are the only elements producing a passive
resistance to bending deformation. As done with the disc, the stress in the
posterior ligament structure is assumed to be uniformly distributed.

The disc and the ligaments are represented as single vectors. In the case of
the disc, the vector is perpendicular to the plane which bisects it, and runs
through the geometric center. The ligament vector is perpendicular to the
disc vector and runs through the center of cross-sectional area. This de-
scription results in the ligaments producing only compressive forces in the
joint and no shear. It is not possible to determine the exact line of action
of the ligament as Aas the case for the muscles, but examination of the anat-
omy suggests that the above idealization is a good approximation.
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CERVICAL SPINE SECTION A- 12

The ligament's response is a function of the amount of deformation they have
undergone. The intuitive approach to modelling this type of structure is to
introduce an effective modulus of elasticity or an effective rotational stiff-
ness for each joint. Such an approach would rely on the accuracy of the esti-
ration of this parameter and also on our ability to measure or estimte the
degree of bending that the individual joints have undergone. Since one of the
main objectives of this modelling approach is to avoid the introduction of
these types of assumed or estimated parameters, we propose a different ap-
proach based on the use of electraryographic information.

%bile standing erect or while fully flexed, the spine requires very little or
no muscular activity to maintain posture (Floyd and Silver,1955]. This sug-
gests that in these postural positions, the passive resistance of the lig-
aments is sufficient to support the spine and associated body weight. Using
this observation we can estimate the ligament tension in the fully flexed pos-
ture as being that value which balances the load resulting from the weight of
the head and neck.

As the load applied to the neck increases, it is reasonable to assume that a
portion of this increased load will be taken up by the ligaments. In order for
the ligaments to take on an increased load they must undergo some deformation.
If the subject maintains an upright neck position as the load increases, the
intervertebral joints begin to deform in order to generate the required lig-
ament extension. If the subject attempts to maintain a fixed posture, it is
conceivable that the lower joints might undergo a small amount of forf rd flex-
ion which could then be offset by extension of some of the upper joints.

As a result, the overall posture of the neck remains the sane with a small
amount of deformation in the spine. Obviously, as the load increases, it be-
comes difficult to deform the spine and still maintain the same effective
osture.
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applied moment
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properties

idealization

disc
pressure

ligament
tension
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Figure A. 6 Idealization of intervertebral joint and ligamrents
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CERVICAL SPINE SEtCTION A- 14

JOINT DESCRIPTION

The joint is considered as a point located at the center of the disc and is de-
fined as the geometric mean of the anterior and posterior lower corners of the
body above the disc and by the anterior and posterior upper corners of the
body below the disc. A unit shearing load nay be defined as a unit vector act-
ing in the line of the bisector of the disc and is positive in the posterior
direction. A unit ccipression load is defined as being perpendicular to the
shear direction, and is positive when acting downwards.

D.= geometric center
of disc at level j

S. uner itecto n pito net

of disc level j'5
04

C.= unit vector in
-- conpression direction C4 Muscle Strand

of disc level j From Senispinalis
% Ce r v c

L.= unit vector 
in 

D ,- 
c i

-- direction of force ofMk
ligament of joint level j C5

L.=cross-sectional area of ligament

Mk= unit vector in I r
direction of force of
muscle strand k C

Mk=ross-sectional area of muscle

Shear/unit muscle stress

A ljk [ --k Mk
Campression/unit muscle stress o point of origin

A2jk =[Cj "Lj]L1

Moment/unit muscle stress
A3jk =Mk'eg {rxNk}

Figure A.7 Mu~scle and ligament tensions result in shear,
conpression and nxmont at the intervertebral joint
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CERVICAL SPINE-- SECTION A- 15

MJSCLE DESRIPTIN

The muscles are considered as a collection of vectors. Each vector runs from a
point of origin to a point of insertion. The magnitude of the force produced
by each of these idealized muscle strands will he equal to the stress devel-
cped in the muscle fibers when contracting, multiplied by the cross-sectional
area of each of the strands. Therefore for each vector, we can consider the
shear (A- ), the compression (A ,k) and the moment (A3 . ) produced at
each join.3klf we consider each stra M of a muscle or group of 3scles to act
at the same stress level when being fired, then the total muscle action can be
considered as the sum of the compressions, shears, and noments produced by
this group of strands. This may be expressed as follows:

Aljk =[Sj "Mk]M

A2 jk =[Cj Mk]Mk

A3 jk =k*'mgtr x NJ

where r = a vector running perpendicular to muscle strand k
and through joint j

Mk= the cross sectional area of muscle strand k

x = cross product

The location of all the points of attachment of the muscles and the location
of the local coordinate frame relative to the global frane may be determined
from anatomical descriptions, X-rays, and skeletal specimens. With this data
the location of the joints and muscle vectors may be determined and hence the
muscle matrix.

Multifidus - The multifidus is the deepest of the muscles to be considered
in this description of the cervical spine. Wb note that the rotatores have a
small cross-sectional area and therefore their contribution to balancing the
external forces is assumed to be insignificant. The same argument is applied
to the inter-transversarius muscles and the inter-spinalis muscles.

The multifidus is a branching muscle having up to 3 penate muscle strands
reaching upwards 3,4, and 5 vertebrae above the level of origin. Each of the
strands is modelled as a separate vector originating from the lower edge of
the articular process and inserting into the spinous process, at 1/3 of the
distance from the articular process to the tip of the spinous process ( Fig.
A.8).
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CERVICAL SpIPI-- SECTION A- 16

MUSCLE NO. I MULTIFIOUS
SIRA4 NO. ID NO. ORIGIN INSERTION AREAICMNM21

1 101 608 306 0.4

2 102 708 409 0.'

3 103 708 306 0.4

10'I 808 509 0.4

S 105 808 409 0.'

6 106 808 306 0.'

7 107 908 609 0.'.

8 106 908 509 0.4

9 109 900 '09 0.'.

10 110 1008 709 0.4

11 111 1008 609 0.4,

12 11 1008 509 0.'

13 113 1108 809 0.1.

1
,  11'. 1108 709 0.'.

15 ]1I 1108 609 0.'

16 116 1208 809 0.4

17 117 1208 709 0.'.

18 118 1308 709 0.4

Fig A-8 Vector description of the multifidus muscle
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CERVICAL SPINE- -- SECTION A- 17

Only those strands which insert into the cervical region are considered. Hence
the lowest vertebra of origin for this muscle is T5 and the highest vertebra
of insertion is the Axis. The cross-sectional area was obtained at several
levels from cross-sectional views of the neck. By assuming equal areas for
each of the strands, an area of 0.4oa square was obtained.

This description of the multifidus muscle is applied to the numerical de-
scription of the skeleton. Values of length for each of the strands in the
neutral, fully flexed, and fully extended positions are obtained along with
the corresponding increase in length due to flexion and extension. It is
known that the maximum change in length of a penate muscle is about 30%. The
maximum increase in length due to flexion, and the maximum decrease in length
due to extension, as calculated from this numerical description is below 30%.
This supports the validity of this description.

The combined effect of all the multifidus strands can be evaluated. We calcu-
lated that the maximum output is produced at the C7-TI joint and the minimum
at the C2-C3 joint. This obvious result can be attributed to the fact that
more strands traverse the lower joints than the upper joints.

Semispinalis Capitis and Spinalis Capitis - These two muscles are the larg-
est muscles of the neck. Same anatomy books do not differentiate between these
two muscles and treat them as a single mass. These muscles cover the
multifidus as it arises from the transverse process of T4 to Tl and the artic-
ular processes of C7 to C4 and from the spinous processes of T4-C4 and pass al-
most straight up the neck to insert between the superior and inferior nuchae
lines of the occipital bone.

The portion of this muscle mass arising from the transverse processes of the
thoracic vertebrae and articular processes of the cervical vertebrae is termed
the semispinalis capitis, and the portion arising from the spinous processes
is termed the spinalis capitis.

The semispinalis capitis and the spinalis capitis are modelled as 18 strands
arising from the 18 points of origin mentioned above and inserting at a common
point of insertion located halfway between the superior and inferior nuchae
lines, to the right and left of the center of the occipital bone ( Fig A-9).

As with the multifidus, the cross-sectional area per strand is considered
equal for all the strands. The above muscle description is appplied to the nu-
merical description of the spine to obtain values of muscle strand length;
variation of length due to flexion and extension; and the moment, shear and
compression due to a unit stress in each of the strands.

The semispinalis muscle fibers are parallel, as opposed to the penate fibers
of the multifidus. It is known that parallel muscle fibres can extend or con-
tract up to 35% of their rest length. The change in length of same of the
semispinalis strands are to some extent a little higher than would normally be
anticipated, but it is felt that these values are reasonable enough to justify
the present description of the muscle.
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CERVICAL SPINE - SETION A- 18

S[ I SP ItHAL IS CAP|I| S

MUSCLE NO. 2 SEMISPINALIS CAPITAS

STRAND NO. 1O NO. ORIGIN INSERTIO AREAICMW.21

19 202 50 110 0.5

20 202 600 110 0.5

21 203 700 210 0.5

22 20, 60 120 0.5

23 20S 906 110 0.5

2 206 3006 110 0.5

25 207 1106 210 O.S

26 20B 1206 110 0.5

27 209 1306 110 0.5

20 210 510 110 0.5

29 211 610 110 0.5

30 212 710 210 0.5

31 213 010 110 0.5

32 21 909 110 0.5

33 215 1009 210 0.5

3. 216 1109 110 0.5

35 217 1209 110 0.5

36 210 1309 110 0.5

Figure A. 9 Vector description of semispinalis and spinalis capitis auscles
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CERVICAL SPINE SECTION A- 19

The large cross-sectional area of these muscles nakes them primary candidates
for supporting of the neck. The largest moment is produced at the higher
joints because of the high cross-sectional area of these muscles at these
levels.

The strands arising from the lower thoracic vertebrae T2-T4 show very little
change in length. This is also the case for the multifidus muscle. This can
be partly attributed to the fact that the thoracic vertebrae are considered as
fixed when in fact they rotate a few degrees in flexion. Another factor is
that the thoracic vertebrae were not clearly visible in the lateral x-ray and
their position had to be estimated rather than measured. The small change in
length may be due to this error. We also noted that the small change in
length moy be attributed to the fact that a greater portion of the muscle
strand is tendonous.

Semispinalis Cervicis - The semispinalis cervicis, like the semispinalis
capiti-, is a parallel fibre muscle but unlike the semispinalis capitis, it
has many points of origin and insertion. It arises from the transverse pro-
cesses of Tl-T6 and inserts into the spinous processes of C2-C7 with the lon-
gest fibres passing over 6 vertebrae and the shortest passing over 4. For the
sake of convenience it is assumed that all of the strands pass over 5 verte-
brae. Therefore the semispinalis cervicis nay be modelled as 6 strands of
equal cross-sectional area with the lowest strand arising from T6 and insert-
ing into C7 and the highest strand arising from Tl and inserting into C2
Fig. A.10).

The result of this vector description shows that the changes in length of the
strands are well within the 35% change we would expect for parallel fiber mus-
cles. The muscle produces a slightly higher moment to compression ratio than
the multifidus. This is due to the fact the muscle lies posteriorly to the
multifidus.

Splenius Capitis - Cervicis - These muscles are the only ones in the neck
which originate from the midline and run laterally and upwards. It is pre-
sumed that these muscles act primarily in producing torque or act as a torsion-
al stabilizer. ( Fig. A.Ml).

The splenius capitis arises from the ligament nuchae at the level of C4 to C7
and from the spinous processes of TI to T4; and it inserts into the occipital
bone just below the lateral part of the superior nuchae line and into the
mastoid process. The muscle is described in our model by 8 strands. The 4
strands arising from the ligament nuchae are assumed to originate fron the
tips of the spinous process of C4-C7 and the other 4 strands originate from
the tips of the spinous processes of Tl to T4. All 8 strands insert into the
occipital bone at 8 individual points of insertion. The strand with the lowest
point of origin inserts the most laterally and the uppermost strand inserting
more medially.
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SFCIION A- 20

MUSCLE NO0. 3 SEMISPINALIS CENICI n1C-2

STRlANO No. 10 NO. ORIGIN It4SCRdION AEIP.2

37301 906 ',(7(.

30302 1006 Allo 0..1

39 303 11 0.10

030'. 1 206 610 0.4

;I1 30S 1306 710 0'

'.2 306 14 06 1330 U.'

Figure A. 10 Vector dlescription Of the sei-;Pifalis cev'i ITUsciC
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MUS'2LE NO. 4 SPLENIUS CAPITAS
STRAND No. 10 NO. ORIGIN INSERTION AREAICMIV21

43 4,01 511 I1a 0.6

N4 402 611 117 D.6

45 403 711 116 0.6
46 40 oil 115 0.6
47 405 910 214 0.6

40 06 1010 113 0.6

it 407 1110 112 0.6
50 4106 1210 111 0.6

MUSCLE NO. 5 SPLENIUS CERVICIS
STRAND NO. IL0 NO. 0111GIN INSERTION AREAICMN,21

51 501 1110 203 0.4

52 502 1210 305 0.4

53 503 1310 407 0.4

541 504 I1410 507 0. 4

Figure A.11 Vector description of the splenius cervicis and capitis
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CERVICAL SPINE SECTION A- 22

The splenius cervicis arises from the spinous processes of T3-T6 and inserts
into the posterior tubercle of the transverse processes of Cl-C4. The muscle
is described by 4 strands with the lowest strand arising from T6 and inserting
into C4 and the uppermost strand arising from T3 and inserting into Cl.

The resulting changes in length for both muscles are well below the 35% value
that would be expected for a parallel fibre muscle. Another result worth not-
ing is the large decrease in moment produced when the posture switches from
neutral to flexed. This suggests that the role of these muscles may be that
of torsional stabilizers rather than forward moment supporters.

Longissimus Capitis - Cervicis - The longissimus capitis is a slender muscle
originating from a)the articular processes of C3 to C7 and b)fram the tips of
the transverse processes at T1 to T3, and inserting into the occipital bone
at the posterior margin of the mastoid process just under the splenius
capitis. This muscle is described with 8 strands originating from C3 to T3
and inserting into a common point of insertion on the occipital h)ne ( Fig.
A.12).

The longissimus cervicis is also a rather slender muscle which arises from the
tips of the transverse processes of Tl to T5 just laterally to the longissimus
capitis and inserts into the posterior tubercle of the transverse processes of
C2 to C7. This muscle is described here with 5 strands with the longest aris-
ing from T5 and inserting in C2 and the shortest arising from Tl and inserting
in C6.

Calculations show that these two muscles extend and contract by a very small
amount during flexion and extension. This result may be significant in deter-
mining the role that they play in supporting the head and neck.

The calculated shear, compression, and moment are relatively low and can be at-
tributed to the rather small cross-sectional area of the muscle strands. The
small moment produced suggests that their primary role ay not be to support
the neck during flexion.

Iliocostalis - Iliocostalis cervicis is a slender muscle much like the
longissimus cervicis. It arises fran the angles of the upper six ribs and di-
vides usually into three slips of insertion that attach to the posterior tuber-

cles of the transverse processes of C4 to C6.

Disk # 13



CERVICAL SPINE - SECMION A- 23

, --'-

LONIGISSIhUS CAPIl IS (LEFT) MID CERVICIS (RIGHT)

MUSCLE NO. 6 LONGISSIMUS CAP] TAS
STRAND NO. 10 NO. ORIGIN INSERTION AREAICMu21

55 601 &08 109 0.3
56 602 508 109 0.3
57 603 608 109 0.3
58 604 708 109 0.3
59 605 008 109 0.3
60 606 907 109 0.3
61 607 1007 109 0.3
62 608 1107 109 0.3

MUSCLE NO. 7 LON I SSIMUS CERVICIS
STRANO NO. ID NO. ORIGIN INSERTION AREAICMNM21

63 701 907 70? 0.3

6 702 1007 607 0.3

65 703 1107 507 0.3
66 704 1207 407 0.3
67 705 1307 30S 0.3

Figure A12 Vector description of the longissimus cervicis and capitis
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CERVICAL, SPINE- - SECHION A- 24

I /

t IOCOSIAL IS

MUSCLE NO. 0 ILIOCOSTALIS
STRANO NO. 10 NO. ORIGIN INSERTION AREAICM4P 21

68 1301 2jI, SO? 0.2

69 802 1321 SO? 0.2

70 80:j 1211 607 0.2
71 00, 1121 607 0.2

72 005 1011 707 0.2

73 006 911 70 0.2

Figure A.13 Vector description of the iliocostalis ruscle
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CERVICAL SPINE ........ SECTION A- 25

This muscle is described by three pairs of strands. The strands originating
from rib 1-2 insert into C6, the strands originating fro rib 3-4 insert into
C5, and the strands originating fron rib 5-6 insert into C4 ( Fig. A.13).

The muscle strands undergo little or no extension or contraction during flex-
ion and extension and like the longissimus cervicis, the iliocostalis has a
relatively suall cross-sectional area. This suggests that the role of the
iliocostalis is the sane as that of the longissimus cervicis.

Sterno-Mastoid - The sterno-mastoid is a long strong muscle which originates
from the top of the sternum and the upper surface of the anterior portion of
the clavicle and inserts into the mastoid process. This muscle is modelled
with a single strand originating at the medial end of the clavicle and insert-
ing into the mastoid process of the occipital bone ( Fig. A.14).

The muscle contracts in both flexion and extension. This suggests that the mus-
cle is at its maximum length som1ewhere in the vicinity of the neutral posi-
tion. Another result worth noting is the change in the sign of the moment
when going from the neutral to flexion position. This shows "-,at the sterno-
mastoid produces increased flexion when the neck is in flexion and increased
extension when the head is in extension.

Scalenes - The scalene muscle group is made up of three muscles; scalenus an-
terior, scalenus medius and scalenus posterior. There is also a scalenus min-
imum which is considered to be part of the scalenus medius. Each of the
scalene muscles is described separately although it is felt that they play the
same role in supporting the neck and should probably be lumped together as one
muscle. See Fig. A.15.

The scalenus anterior arises from the tuberculum scaleni of the first rib and
inserts into the transverse processes of C3 to C6. This muscle is therefore
modelled as 4 strands originating from a common point of origin in the first
rib and inserting into the transverse process of C3 to C6

The scalenus medius originates from the lateral surface of the first rib and
inserts into the anterior points of the transverse processes of C2 to C7.
Therefore this muscle is described as 6 strands all originating from a common
point of origin on the first rib and inserting into C2 to C7

The scalenus posterior, which usually fuses with the scalenus medius, orig-
inates from the lateral surface of the second rib and inserts into the posteri-
or part of the transverse processes of C5 to C. Therefore the muscle is
described as three strands originating from a common point of origin and in-
serting in C5 to C7.

The scalenus muscles do not change length appreciably during flexion and exten-
sion and they produce very little moment. These results could be expected
from the fact that the muscles run almost in line with the body of the verte-
bra and have a small lever arm.
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-7<, /\\

Sterno-Mtoid

Sternvn

MV5CLE NO. 9S TE$RNO-MASTO D
STRtANO NO. 10 NO. ORIGIN INSE14TION ARE(A(CMI2I

7. Vol SO) 107 6.5

Figure A.14 Vector description of the sternomastoid nuscle
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AM-4,o Sct

.lddl. SO.1...

MUSCLE W. 20 SCALENE POST.
STRAWO . P0 t. O IGIN INSERTIO Ak A(C ,'2!

?S 2002 2603 607 0.9

76 2002 1603 707 0.S

77 ]003 2603 007 0.9

M SCLE Ho. 22 SCALENE ME0.
STRAW W0. 120 No. OR4IGIN I NSER T ICJ A4EAIC'4..21

70 210] 1602 304 0.4

79 202 1602 406 0.4

60 2203 1602 506 0.4
as 1104 1602 606 0.4

82 120S 1602 706 0.4

83 .206 1602 806 0.4

MUSCLE NO. 22 SCALENE ANT.
STRAND 00. 20 NO. ORI2GIN I HSE04T I AREAlCHM..?

04 !102 1602 406 2.0

0S 2202 1601 506 1.0
06 2203 1601 606 1.0
87 2204 1602 706 2.0

Figure A. 15 Vector description of the scalene iruscles
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Longus - The longus muscle consists of the longus capitis and the longus
cervicis, which iry be divided further into superior, vertical, and inferior
parts ( Fig. A.16).

The longus capitis arises from the anterior tubercle of the transverse process-
es of C3-C6 and inserts into the lower part of the occipital bone.

The superior oblique part of the longus cervicis arises from the anterior tu-
bercles of C3 to C6 and inserts into the anterior tubercle of Cl. This por-
tion of the muscle can be described by 4 strands arising from C3 to C6 and
inserting into Cl. The vertical portion arises from the bodies of C5 to T3
and inserts into the bodies of C2 to C4. This portion of the muscle is de-
scribed by 6 strands with the longest running from T3 to C2 and the shortest
running from C5 to C4. The inferior oblique portion arises from the verLebral
bodies of Tl and T2 and insert into the anterior tubercles of C5 and C6. This
portion is described with 2 strands, T1 to C5 and T2 to C6.

These muscles exhibit some change in length during flexion and extension. The
mtoment produced by thes, ,nuscles is relatively sall. This small moment is
due to a small cross-sectional area and to a short level arm.

Levator Scapula - The levator scapula arises from the vertebral margin of
the scapula and inserts into the posterior tubercles of C1 to C5. The muscle
is modelled by 4 strands arising from two points of origin on the scapula and
inserting into Cl to C4 ( Fig. A.17).

Calculations show a small change in length during flexion and extension, and a
moderate moment due mainly to the large cross-sectional area of the muscle.
This muscle behaves like the longissimus cervicis and iliocostalis.

Note that the scapula is not necessarily a fixed body unless the arms are re-
strained. As stated before, the role of this muscle and other shoulder mus-
cles depend upon the constraints applied to the arms. In this study the arms
are assumed to be unconstrained and relaxed.

Trapezius - The trapezius is a broad flat muscle which originates from the
posterior extremity of the clavicle, the acramion, and the spine of the scap-
ula. The fibres arising from the clavicle insert into the ligament nuchae in
the region of the occipital bone and the upper vertebrae. The fibres originat-
ing from the acromion insert into the ligament nuchae of the mid-oervical re-
gion and the fibres arising from the spine of the scapula insert into the
remainder of the ligament nuchae and the ligament supraspinalis, as far down
as T12 % Fig. A. 18).
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/

MUSCLE NO. 13 LCJtGUS CAPITAS
STRMO "0. I to. ORIGIN INSERT I O AREAICA-4-21

8 10 4 06 106 0.6
89 1302 S06 106 0.6

90 130s 606 106 0.6

91 1:04 706 106 0.6

MUSCLE NO. 14 L,*IGUS SUPERIOR
STRANO tO. D 'o. OR IGItN INSERTION AREAIC 4..ZI

92 2402 106 201 0.3

93 1202 506 202 0.3

94 1 03 606 202 0.3

95 1404 706 202 0.3

IMJSCLE tO. 25 L.US VERTICAL
STRANO tO. I rNO. ORIGIN INSERTION AREAIC -21

96 1501 605 SOS 0.2

97 1502 705 S 0 0.2

90 1503 805 N0 0.I

99 1504 905 40S 0.2

100 2505 1005 303 0.2

102 IS06 IS 303 0.2

MJSCLE t . 26 L,GUS INFERIOR
ST lAO NO. I& NO. ORIGIN ItNSERTION AREACM4.. 1

102 .601 905 606 0.3

103 3602 0 0S 706 0.3

Figure A16 vector description of the longus capitis and cervicis
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MUSCLE NO. 17 LEVATOR-SCAPULA

STRAND NO. 10j NO. ORIGIN INSERTION AREA( CMv 2 1

10j, 1701 2522 203 1.3

105 1'/02 1511 305 /

106 1703 1510 407

107 1704 1510 507 1.3

Figure A.17 Vector description of the levator-scapula nuscle
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TRAP ZII

MUCL NO 1/ -RAPZI

STRANO~~~~ ~ ~ NO 0N. OI SN INAE(M

MU1CL NO.3 llb TR0rE1.3

101 1002, 1503 20'. 1.3

112 1605 1506 511 1.3
113 1006 1507 611 1.3
11'. 1007 1506 ./11 1.3
115 1000 1509 011 1.3

Figure A18 Vector description of the trapezius rmuscle
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For this study, only the muscle fibres traversing the cervical joints are con-
sidered (i.e fibres inserting as low as C7). The muscle is modelled by 8
strands originating from eight points along the clavicle-scapula structure and
inserting into the tips of the spinous processes of the seven cervical verte-
bra, and occipital bone. The three strands which insert into the occipital
bone, Atlas, and Axis originate fran three points along the posterior end of
the clavicle. The two strands which insert into C3 and C4 originate from the
acranion and the strands inserting into C5, C6, and C7 originate fron three
points along the acronion end of the spine of the scapula.

There is little change in length of the strands during flexion and extension.
The trapezius produces large values for the moments, compression, and shear at
all the joints.

Rhcmboideus Minor - The rhomboid muscle consists of two parts, major and mi-
nor. Since we are only concerned with the cervical joints and the rhomboid ma-
jor inserts only into the thoracic region, we will only consider the rhomboid
minor. This muscle originates from the vertebral margin of the scarula just
below the levator scapula and inserts into the ligament nuchae of the spinous
processes of C6 and C7 ( Fig. A.19).

The muscle is modelled with 2 strands originating from 2 points of origin on
the scapula and inserting into the tips of the spinous processes of C6 and C7.
There is very little change in length during flexion and extension. This mus-
cle produces a large moment due to its large cross sectional area and its long
lever arm.

Like the other muscles originating from the scapula, it is assumed that it
will produce a force only when the arms are restrained.

Serratus Posterior Superior - Originates from the 2w] to 5th rib and inserts
into the ligament nuchae and the spinous processes from C6 to T2. W are only
concerned with the upper half of this muscl! which inserts into C6 and C7.
Therefore it is modelled as 2 strands originating from rib 2 and 3 and in-
serting into C6 and C7 respectively ( Fig. A.20).

This muscle behaviour is similar to the one calculated for the rhcnboid minor.
The change in length is small and the lever arm is large. The magnitude of
the force produced by this muscle is smaller than those produced by the rhom-
boid due to the smaller cross-sectional area.

The serratus posterior superior and the rhomboids may not play a major role in
supporting the neck but may be used strictly to support the ribs and the scap-
ula respectively.
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CERJVftCA[, SPIN - - - - - - - - - - - - - - - - - - - - - - - -- SECIMON A- 33
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Figure A. 19 Vector description of the rhomtoideus minor rruscle
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CE-RVICAL, SPINE - ------------------------ SECI'ION A- 34
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Figure A.20 Vector description of the serratus posterior Superior
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CERVICAL SPINE -- SEXTION A- 35

Sternohyoid and OmChyoid - These anterior muscles of the neck have a aore
complicated arrangement than the muscles described so far. They run from the
hyoid bone to the occipital bone and the jaw, and also run from the jaw to the
head. The combined action of these muscles can produce a forward bending mo-
ment on the head as well as compression and shear ( Fig. A.21).

In order to simplify the analysis, these muscles are divided into two groups:
those superior to the hyoid bone and those inferior to the hyoid bone. It will
be assumed that the muscles above the hyoid are capable of producing a force
at least as great as the force produced by the muscles below the hyoid bone.
This allows us to simplify the model by considering the forces produced by the
muscles below the hyoid bone to act directly on the head. The assumption that
the muscles above the hyoid bone produce a sufficient pull to balance the mus-
cles below can be easily verified by measuring the cross-sectional area of the
two groups of muscles and considering their lines of action.

The muscles which run down from the hyoid are the thyrohyoideus, the
sternothyroid, the sternohyoid and the omohyoid. The first three of these mus-
cles produce a line of action running from the hyoid bone to the sternum and
are grouped together and named the sternohyoid muscle. The amohyoid muscle
originates from the superior margin of the scapula and inserts into the hyoid
bone.

The two muscles are modelled as single strand muscles originating from the
scapula and the sternum and inserting into a common point of insertion on the
hyoid bone. The sternohyoid sr-'s a decrease in length of 56% due to flexion.
This would appear to be an unacceptable value for muscle contraction, and
this suggests that the muscle is going slack. The sternohyoid also produces a
very large forward moment due to its long lever arm whereas the omohyoid pro-
duces a much smaller moment and hence my not play a large role in supporting
the load on the head and neck.
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CRVICAL SPINE - ------------------------ SECL'LON A- 36
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Figure A. 21 Vector description of the sternohyoid and otirohyoid muscles
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